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One embodiment of the in- 145
vention is a method for obtaining
an cstimate of an analyte concen-
tration in a first fluid. First, mea-
surements of an analyte concentra-
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using a sensing device. An ana-
lyte concentration estimate in the
first fluid is determined from these
measurements by minimizing the
relation: f{b}=x2{E}+A¥[b], where
b is a vector representing ana-
Iyte concentration in the first body
fluid, x2[b] is a function represent-
ing a fit between the estimates and
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tion indicating smoothness of the .
analyte concentration estimates in
the first fluid. Another embodi-
ment includes a sensing device for o /
obtaining the measurements of an- : '
alyte concentration in the first fluid
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method and device can be used, for 0
example, to determine blood glo-
cose concentration from measure-
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BLOOD ANALYTE MONITORING THROUGH SUBCUTANEOUS MEASUREMENT

The present invention is, in general, directed to devices and methods for the

* monitoring of the concentration of an analyte, such as glucose, using a subcutaneous

sensor. More particularly, the present invention relates to devices and methods for

the momtonng of an analyte using a subcutaneous electrochemical sensor to provide

. information to a patient about the level of the analyte in blood

Background of the Invention

_The monitoring of the level of analytes, such as glucose, lactate or oxygen, in
certain individuals is vitally important to their health. High or low levels of these

analytes may have detrimental effects. For example, the monitoring‘of gluéose is

' particularly important to individuals with diabetes, as they must determine when

insulin is needed to reduce glucose levels in their bodies or when additional glucose '
is needed to raise the level of glucose. o
A variety of methods have been used to measure analyte concentrations. - For

example, colorimetric, electrochemical, and optical methods have been de\ieloped :

“for the determination of blood glucose concentration. Implanted eleétfocheniicail :

sensors may be used to periodically or continuously monitor glucose (or other
analyte) concentration. Although sensors accurately measure the glucose

concentration when inserted directly into the blqddstreaxn, infection may occur at

_this unplantatlon site.

" A variety of SEnsors have been .developed for implantation in subcutaneous
tissue to measure. the subcutaneous glucose concentration, which is thought tobe .

well correlated with the blood glucose concentration at steady-state.” Subcutaneously‘

- implanted glucose sensors, such as mmlanmzed electrodes "wired" to glucose

oxidaée, are one technology that hold promise for continuous. monitoring of blood
glucose levels by diabetic patients. These sensors measure spbcutanéousglut_;ose
concentrations. as glucose diffuses from the blood into the subcutaneous tissueand
then to the enzyme ¢lectrode surface. At this surface. the glucose is.oxidized and the
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reaction causes electrons 1o be transferred to"th"e electrode surface. The resulting
current is proportional to the concentration of glueose in the' région' of implantation.
. In'many cases, it is important to be able to convert a value from a
subcutaneous concentration to a blood concentrauon For example, a subcutaneous
sensor may be cahbrated using blood measurements or a diagnosis or method of

treatment may depend on the knowledge of the blood analyte concentration that is

'obtairied using a subcutaneous sensor. Howe‘vef alag typically results b‘etweeu the

" or decreases. In addition, the subcutaneous analyte concentratnons obtained from

10

sensor measurements may be different from the blood analyte concentration because

of the existence of a mass transfer barrier. Thus, there is a need to develop devices

* and methods that can convert subcutaneous analyte measurements to blood analyte

concentrations to ensure accuracy, compatibility, and comparability between

V measurements made by subcutaneous electrochemical sensors and those made using

other conventional blood analysis techniques: . .~

Summary of the Invention

'Generally; the present invention relates to methods and devices for

determination of analyte concentration in one body fluid using analyte concentration

_ measurements from a second body fluid. In particular, the present invention -

includes methods and devices for the detenmnatxon of blood glucose concentratlon N
using. glucose concentratxon measurements from- subcutaneous fluids: -

One embodiment of the invention is a method for obtaining an estimate of an

: aualyte concentration in a first fluid. First, measurements of an analyte o

concentration in a second fluid are obtained using a sensing device. An an_alyte'-..
concentration estimate in the first body fluid is determined from these meesu;euaents-
by minimizing the relation: L | V
£b1=2°[6] + 2[5},

where b is a vector representing analyte concentration in the first fluid, x’[b] isa
functiox_l representing a fit between the estimates and the measurements, A isa . .
weighting function, and W[b] is a function indicating smoothness of the analyte

concentration estimates in the first body fluid. -Another embodiment includes a

PCT/US98/25685 .
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sensing device for obtaining the measurements of analyte concentration in the first
 fluid and a processor configured and arranged to determine the analyte concentration

: according to this ruethod.A

This method and device can be used, for example, to determine blood
glucose concentration from measurements of the glucose concentration in

subcutaneous tissue. These measurements may be made using in vitro or in vivo

~ ‘samples. In some instances, a subcutaneously implanted sensing device, such as an

electrochemical sensor, is used to make the measurements.

Another embodlment is a method of determining blood analyte concentration
mcludmg obtmmng a subcutaneous analyte concentration from a subcutaneous
region usmg a sensing device and determining a blood analyte concentratibn from
the subcutaueous analyte concemratiou based .on a) maes transfer of the analyte from
blood fo the subcutaneous region and b) uptake of the analyte by subcutaneous cells_'
in the subcutaneous region. "Examples of analytes mclude glucose; lactate, and
oxygen. Yet another embodiment is an analyte measurement device including a

processor configured and arranged to determine the analyte concentration according

to this method and an optional sensing device, such as an electrochemical sensor, for

" obtaining the measurements of analyte concentration in the first fluid. In some

instances, the electrochemical sensor may. be subcutaneously implanted and the
analyte measurement device may periodically or‘continuously monitor glucose.

The above summary of the present invention is not intended to describe each
disclosed embodiment or every xmplementauon of the present invention. The

Figures and the detailed descnpnon which follow more particularly exemplify these..

embodunents

Bnef chnptlon of the Drawmgs

The mventnon may be more completely understood i in consnderauon of the

‘followmg detaded desenpnon of various embodlments of the invention in

connection thh the accompanying drawings, in which: -
Figure 1 is a block dxagram of one embodiment of a subcutaneous analyte
monitor using 2 subcutaneously implantable analyte sensor, according to the -

invention;
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Figure 2 is a top view of one embodiment of an analyte sensor, according to

'the invention;

Fxgure 3A is a cross-sectional view of the analyte sensor of Fi 1gure 2;

* Figure 3B is a cross-sectional view of another embodiment of an analyte

. sensor, according to the invention;

" Figure 4A is a cross-sectional view of a thlrd embodiment of an a.nalyte

 sensor, according to the invention; -

Figure 4Bisa cross-sectlonal view of a fourth embodiment of an analyte
sensor, accordmg to the invention; ' ‘

Figure 5 is an expanded top view of a tip portion of the analyte‘sehsor of
Figure 2;

Figure 6isa cross-sectlonal view of a fifth embodiment of an analyte sensor,
accordmg to the invention;

Flgure 7 is an expanded top view of a tip-portion of the analyte sensor of

,Flgure 6;

Figure 8 isan expanded bottom view of a tnp—portlon of the analyte sensor of

, Flgure6

- Figure 9 is a side view of the analyte sensor.of Figure 2;
Flgure 10is a top view of the analyte sensor of Figure 6;
Fxgure l 1 is a bottom view of the analyte sensor of Figure 6

' L Figure 12 is an -expanded side vxew of one embodiment of a sensor and an

o msertxon device, accordmg to the invention; - . :

anures 13A, 13B, 13C are cross-sectional views of three embodlments of
the insertion device of Figure 12; o T
_ Figure 14isa cross-sectional view of orie embodlment ofa on-skm sensor
control unit, accordmg to the invention; ' A
' Fxgure 15 is a'top view of a base of the on-skin sensor control umt of Fxgure

‘14;

‘Figure 16 is a bottom view of a cover of the on-skin sensor control unit of
Flgune 14;, -
. Figure 17 is a perspective view of the on-skin sensor control unit of Figure
14 on the skin of a patient;
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Figore 18Ais ”a block diagram of' one e;xlbodimeni of an on-skio Secsor
control uﬁit, according to fhe invention; o

Figure 18B is a block diagram of another enibodiment of an on-skin seﬁsor
control umt, accordmg to the invention;

‘Figures 19A, 19B, 19C, and 19D are cross-secuonal views of four-

embodiments of conductive contacts d;sposed.on an interior surface of a housmg of

an on-skin sensor control unit, according to the invention;

Figures 19E and 19F are cross-sectlonal views of two embodxments of

conductwe contacts disposed on an exterior surface of a housing of an on-skin

sensor control unit, according to the invention;

Flgures 20A and 20B are schemanc diagrams of two embodiments of a

current-to-voltage converter for use in an analyte monitoring device, according to

the invention;

.Figure 21 isa block dxagram of one embodiment of an open loop modulation

: system for use in an analyte monitoring device, accordmg to the invention;

Flgure 22 isa block dlagram of one embodiment of a recexver/dlsplay unit,
accordmg to the invention; _

-Figure 23 is a front.view of one embodiment of a receiver/display unit;

Figure 24 is a front view of a set':ond embodiment of a'receiiler/display unit;

Figure 25 is a block: dlagram of one embodiment of a drug dehvery system,
accordmg to the invention;. _

Figure 26 is.a perspecﬁve view of the mternal structure of an insertion. gun,
accordmg to the invention;

: Flgure 27A is a top view of one embodiment of an on-skin §ehsor"co‘n'trol-

unit, accordmg to.the i mvenuon

Flgure 27Bisa top view of one embodlment ofa mounting unit of the on- -

. skm sensor control unit of Flgure 27A;

Figure 28A is a top view of another embodiment of an on-skm sensor control

- unit after insertion of an msertxon deV1ce and a sensor. accordmg to the invention;

Fxgure 28B is a top view of one embodunent of a'mounting unit of the on-

skin sensor control unit of Figure 28A;
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~ Figure 28C is a top view of one embodiment of a housing for at least a I
poftion of the electronics of the on-skin sensor control unit-of Figure 28A;

Figure 28D is a bottom view of the housing of Flgure 28C;

Figure 28E is a top view of the on-skin sensor. control umt of Flgure 28A

" with a cover of the housing removed; _ ,

Figﬁre 29 is-another embodiment of an analyte sensor; _

Figure 30 is a graph of experimental data (smooth line) from a rét duﬁng an
intrairenous insulin injection and a prediction using an inverse model with no
regularization (oscillating line); p '

Figure 31 is a graph of simulated blood glucose response (solid line) and -
three models used to simulate subcutaneous glucose response including a) k, = 0, b)
k=1,K,=B/3,andc)k = 1,K,=B,;

Figure 32 is a graph of simulated subcutaneous glucose response with whxte
noise (dotted line) and time-correlated noise (solld line) at a noise level of 1 %;

Fxgure 33 is a graph of first- and second-order regularization for a solution of -

- blood glucose concentration based on simulated subcutaneous glucose
concentration; - ' ,

Figure 34 is a graph of error magnification factor vefsus ‘weighting factor for
zérbeth-, first-, and second-qrder’ regularization; .

Figure 35 is a graph of error magnification factor versus Weighting factor for
zeroeth-. first-, and second-order regularization, varying values of window size and
data sampling time; '

A Fxgure 36 is a graph of magmﬁcatxon factor versus welghtmg factor for k, -0
and NAt = 1.481;

Figure 37 isa graph of magmﬁcatlon factor versus weighting factor -
mcludmg white noise or time-correlated noise in the simulated subcutaneous glucose
concentratlon,

Flgure 38 is a graph of squared model error versus weight factor;

Fxgure 39 is a graph of magmﬁcatlon factor versus. we:ghtmg factor fora) k,
—Oandb)k,—llg, By - - — :

- Figure 40 is a graph of glucose concentration illixsh'ating a decline in

- concentration of glucose after intravenous injection of insulin; _
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- Figure4lisa graph of estimated glucose concentration of a subcutaneously

- implanted sensor (dotted line), an intravascularly implanted sensor (solid line), and

venous blood glucose concentration (circles) after an i.v. bolus of insulin.

Figure 42 is a graph of average difference (n=7) of subcutaneous glucose
estimates relative to actual blood glucose measurements, % difference = 100 X
(subcutaneous estimate - blood measurement)/(blood measurement);

Figure 43 is a graph of subcutaneous glucose concentration predicted usmg a
forward model (dotted lines) based on data from a jugular sensor and measured
subcutaneous glucose concentration (solid line); and ‘-

Figure 44 includes graphs for seven rats comparing blood glucose

- concentration as determined by a sensor (solid line) and predicted by an inverse

model with regularization (dashed lme).

While the invention is amenable to various modifications and alternative

- forms, specifics thereof have been shown by way of example in the drawings and
15

will be described in detail. - It should be understood, however, that the mtentxon 1s

“not to limit the invention to the particular embodiments described. On the contrary

the intention is to cover all modifications, equivalents, and alternatives falling within

the spirit and scope of the invention as defined by the appended claims..

Detailed Descﬁption of the Invention -

The present invention is applicable to a method and analyte measurement _
systems for determining analyte concentration in one body ﬂmd (e.g. blood) ﬁom
measured analyte concentrations in another body fluid (e.g., subcutaneous fluid).

- Sultable analyte measurement systems typlcally mclude a sensing device and a '

25

30

processor. The analyte measurement system may be configured and arranged to-

pmvrde readmgs as required by a user when,- for example; the user provides a sample -

.to the device. In other embodiments, the analyte measurement system may be
configured and arranged to be permanently or temporanly attached to an animal

(such as a human) to provide periodic or continuous monitoring. o
For example, the analyte measurement system can be an‘analyte monitoring

system using a subcutaneously implantable electrochemical sensor for the in vivo

- determination of a blood concentration of an analyte, such as. for example, glucose,

PCT/US98/25685
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~ lactate, or oxygen. The sensor can be, for example, subcutaneous]y 1mplanted ina

'- patlent for the continuous or periodic momtormg of the analyte. The analyte

monitoring system typically includes a subcutaneously implantable sensor and a

processor coupled to the sensor to determine the blood analyte concentration from

the sensor measurements.

A variety of suitable sensing devices are available. A suitable sensing device
is configured and arranged to provide some signal, for example, an optical (e.g.,
color change, absorption, transmission, or fluorescence) or electrical signal (eg.,a
change in current potentlal capacntance, or conductivity) that is related to a level of .
the analytc in the sample. Suitable sensing devices include electrochemxcal sensing

devices, optical sensing devices, and colorimetric sensing devices. A sample of a

- body fluid may be provided, conveyed, or transported to the sensing device for in

vitro determination of the analyte concentration in.the body fluid. In other

émbodiments, the sensing device (e.g., an electrochemical sensor) may be implanted

to provide in vivo determination of analyte concentration. In yet other embodiments,

the sensing device (e.g., an optical device) may be directed toward the animal or a
sample_ from the animal and the analyte concentration determined by, for example,
interaction of light with the tissue and/or body fluid of the animal,

_ The determination of blood glucose cdncentration from subcutaneous
glucose measurements is used herein as an illustration. It will be understood that
other analytes may also be measured. It will also be understood that the devices and’
methods described herein can be apphed to the determination of analyte

: concentratlon in body fluids, other than blood, based on measurement of analyte

concentration in a second body fluid. -
- The following definitions are provided for terms used herein: . .
- A “counter electrode” refers to'an electrode paired with the working -
electrode, through which passes a current equal in magnitude and opposite in sign to
the current passing through the working electrode. In the context of the invention,

the term “counter electrode” is:meant to include counter electrodes which also .

- function as reference electrodes (i.e., a counter/reference electrode).

~ . An “electrochemical.sensor” is a device configured to detect the presence

and/or measure the level of an analyte in a sample via electrochemical oxidation and
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. reduction reactions on the sensor. These reactions are transduced to an electrical

signal that can be correlated to an amount, concentration, or level of an analyte in the
sample. .

“Electrolysis” is the electrooxidation or electroreduction of a compound )
either direcﬁy at an electrode or via one or more electron transfer agents.

A compound is “immobilized” on a surfa‘ce when it is entrapped on or- ’,
chemically bound to the surface. . -

A “non-leachable” or “non-releasable” compound or a compound that is
“non-leachably disposed” is meant to define a compound that is affixed on the . .
sensor such that it does not substantially diffuse away from the working surface of
the working.electrode for the period in which the sensor is used (e.g., the period in
which the sensor is implanted in a patient or measuring a sample).

. Components are “immobilized” within a sensor, for example, when the
components are covalently, ionically, or codrdinatively bound to constituents of the
sensor and/or are entrapped in a polymeric or sol-gel matrix or membrane which-
precludes mobility. |

An “electron transfer agent” is a compound that carries electrons between the

analyte and the working electrode, either directly, or in cooperation with other .- _ -

. electron transfer agents. One example of an electron transfer agent. isa redox_ o

mediator.

A f‘working electrode” ié an electrode at which the analyte (or a second *

- compound whose level depends on the level of the analyte) is electrooxidized or

electroreduced with or without the agency of an eléctron transfer agent.
| . A *“working surface” is that portion of the working electrode which is coated
with or is accessible to the electron transfer agent and configured for exposure to an
analyte-éb'ntaining fluid. . | _ ' . | A

. A “sensing layer” is a component of the sensor which includes constituerts
that facilitate the electrolysis of the analyte. The sensing layer may include -
constituents such as an electron transfer agent, a catalyst which catalyzes a reaction
of the analyte to produce a response at the electrode, or both. In some embodiments
of the sensor, the sensing layer is non-leachably disposed in proximity to or on the

working electrode. -
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A “non~corrod1ng conductive materlal includes non-metallic matenals such

"as carbon and conductive polymers.

Sensmg Devices

The methods and devices of the mventlon are illustrated using _
electrochemical sensors. However, it will be understood that a variety of sensing
devices, including electrochemical, optical, and colorimetric sensing devices may be
ﬁsed. Moreover, the methods and devices are illustrated using implantable sensing
devicés, howeQer, it will be understood that other non-implantable sensing devices
can be used. B .' | ‘

A variety of subcutaneously implantable sensors are avallable for use,

Examples of such sensors and analyte measurement systems incorporating the

~ sensors are described in U.S. Patent No. 5,593,852 and U.S. Patent Applications

Serial Nos. 09/034,372, 09/034,422, and 09/070,677, all of which are incorporated
herein by reference. _.An example of one sensor is illustrated in Figure 29 and
described in detail in U.S. Patent No. 5,593,852. This sensor includes a metal or ,

A carbon working electrode 2 with an electrically insulating material 4 wrapped around

the electrode. A recess 6 is prov1ded by, for example, removing a portion of the
workmg electrode 2. This leaves an exposed surface 18 of the workmg electrode.

A sensing layer 8 is formed over the exposed surface 18. The sensing layer 8

" may include a redox mediator and/or a redox enzyme. In at least some -

embodiments, the redox mediator and/or redox enzyme are non-leachably dlsposed

. in the sensor, as descnbed in U.S. Patent No. 5,593,852. Exemplary redox
~mediators and. redox enzymes are described in U. S Patent No. 5,593, 852 and U S..
. Patent Appll_catxons Serial Nos. 09/034,372, »09/034,422, and 09/070,677.

An optional glucose diffusion limiting layer 10, an optional iriterferent

" -eliminating layer 12, and an optional biocompatible layer 14 can be formed in the _

recess 6. These layers are described in more detail in U.S. Patent No. 5,593,852.

Another Sensor and an Analyte Monitoring System - -

.. The analyte monitoring systems of the present invention can be utilized

- under a variety of conditions. The particular conﬂgurationvof a sensor-and other

PCT/US98/25685 -

[



WO 99/29230

10

15

20

25

30

11

umts used in the analyte momtormg system may depend on the use for which the

analyte monitoring system is intended and the- conditions under which the analyte

- monitoring system will operate. One embodiment of the analyte monitoring system
- includes a sensor configured for implantation into a patient or user. For example,
- implantation of the sensor may be made in the arterial or venous systems for direct

~ testing of analyte levels in blood. Alternatively, a sensor may be implanted in the

mterstmal tissue for determining the analyte level in interstitial fluid. This level-

may be correlated and/or converted to analyte levels in blood or other fluids. The

~ siteand depth of 1mplantatlon may affect the parfncular shape, components, and

configuration of the sensor. Subcutaneous implantation may be preferred, in-some -

cases, to limit the depth of implantation of the sensor. Sensors may also be

implanted in other regions of the body to determine analyte levels in other fluids.

‘Examples of suitable sensor for use in the analyte monitoring systems of the

invention are described in U.S. Patent Application, Serial No. 09/034,372, =

mcorporated herein by reference.

One embodiment of the analyte monitoring system 40 for use with an-

iinpiantab]e sensor 42, and particularly for use with a subcutaneously implantable -
- sensor, is illustrated in block diagram form in Figure 1. The analyte monitoring

" system 40 includes, at minimum, a sensor 42, a portion of which is confi gured for -

implantation (e.g., subcutaneous, venous, or arterial 1mplantanon) into a panent, and

_asensor control unit 44. The sensor 42 is coupled to the sensor control unit 44

which is typically attached to the skin of a patient. The sensor control unit 44 .

~ operates the sensor 42, mcludmg, for example, providing a voltage across the.

electrodes of the sensor 42 and collectmg signals from the sensor 42 The SEnsor -

_control unit 44 may evaluate the signals from the sensor 42 and/or transmxt the .

signals to .one or more optxonal recexver/dtsplay units 46, 48 for evaluanon The
sensor control unit 44 and/or the receiver/display units 46, 48 may display or
otherwise communicate the current level of the analyte. F urthermore, the sensor
control unit 44 and/or the receiver/display units 46, 48 may indicate to the patient,
via, for example, an audlble visual, or other sensory-stimulating alarm, when the _
level of the analyte is at or near a threshold level. In some embodiments, a electrical ;

shock can be delivered to the patient : as a warning through one of the electrodes or

PCT/US98/25685
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the optional temperatufe probe of the sensor. For example, if glucose is monitored

then an alarm may be used to alert the patient to a hypoglycemic or hyperglycemic

" glucose level and/or to impending hypoglycemia or hyperglycemia.

The Sensor-
A sensor 42 includes at least one working electrode 58 formed on a substrate
50 as shown in Figure 2. The sensor 42 may also include at least one counter

electrode 60 (or counter/reference electrode) and/or at least one reference electrode

- 62 (see Figure 8). The counter electrode 60 and/or reference electrode 62 may be

formed on the substrate 50 or may be separate units. For example, the counter
electrode and/or reference electrode may be formed on a second substrate which is |

also implanted in the patient or, for some embodiments of the implantable sensors,

“the counter electrode and/or reference electrode may be placed on the skin of the

patient with the working electrode or electrodes being implanted into the patient.
The use of an on-the-skin counter and/or reference electrode with an implantable.
workiﬁg electrode is described in U.S. Patent No. 5,593, 852, incorporated herein by
reference. '

The working eléc!rode or electrodes 58 are forr_néd using conductive traces

.52 dispose_d on the substrate 50. The counter electrode 60 and/or reference electrode
20

62, as well as other optional portions of the sensor 42, such as a temperature probe
66 (se¢ Figure 8), may also be formed using conductive traces 52 disposed on the

sibetrate-SO These conductive traces 52 may be formed over a smooth surface of

" the substrate 50 or within channels 54 formed by, for example, embossmg, mdentmg

or otherwise creating a depression in the substrate 50.

' A sensmg layer 64 (see Figures 3A and 3B) is often formed proxxmate to or
on at least one of the workmg electrodes 58 to facilitate the electrochemical -~
detection of the analyte and the determination of its level in the sample fluid, -
particularly if the analyte can not be electrolyzed at a desired rate and/or with a
desired specificity on a bare electrode. The sensing layer 64 may include an electron
transfer agent to transfer electrons directly or indirectly between the analyte and the

working electrode 58. The sensing layer 64 may also contain a catalyst to catalyze a

~ reaction of the analyte. The components of the sensing layer may be in a fluid or gel
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that is proximate to or in contact with the working electrode 58. Altema’tively,' the
components of the sensing layer 64 may be disposed in a polymenc or sol-gel matrix
that is proximate to or on the working electrode 58. Preferably, the components of
the sensing layer 64 are non-leachably’ dnsposed within the sensor 42. More -
preferably, the components of the sensor 42 are immobilized within the sensor 42.

In addition to the electrodes 58, 60, 62 and the sensing layer 64, the sensor
42 may also include a temperature _probe 66 (see Figures 6 and 8), a mass transport

' limiting layer 74 (see Figure 9), a biocompatible layer 75 (see F igul'e 9), and/or other

_ optlonal components, as descnbed below. Each of these items enhances the :

functlonmg of and/or results from the sensor 42, as discussed below.

'l'he S_ubstrate
~ The substrate 50 may be formed using a variety of non-condu'cting materials,
including, for example, polymeric or plastic materials and ceramic materials.

Suitable materials for a particular sensor 42 may be determined, at least in part, C

based on the desired use of the sensor 42 and properties of the materials.

-In some embodiments, the substrate is flexible. For example, if the sensor 42
is configured for implantation into a patient, then the sensor 42 may be made
flexible (although rigid sensors 'may also be used for implantable sensors) to reduce
pain to the patient and damage to the tissué caused by the implantation of and/or the

wearing of the sensor 42. A flexible substrate 50 often increases the patient’s

- “comfort and allows a wider range of activities. Suitable materials for a flexible

substrate 50 include, for'example, non-'conducting plastic or polymeric materials and
other non-conducting, flexible, deformable materials. Examples of useful plastic or
polymenc materials include thermoplastics such as polycarbonates, polyesters (e.g,
Mylar and polyethylene terephthalate (PET)), polyvinyl chlonde (PVO),
polyurethanes, polyethers, polyamides; polyimides, or copolymers of these
thermoplastics, such as PETG (glycol-modified polyethylene terephthalate);

In other embodiments, the sensors 42 are made using a relatively rigid

- substrate 50 to, for.example, provide structural support against bending or breaking.

Examples of rigid materials that may be used as the substraté 50 include poorly

conducting ceramics, such as aluminum oxide and silicon dioxide. One advantage
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of an implantable sensor 42 having a rigid substrate is that the sensor 42 may have a
sharp point and/or a sharp edge to aid in implantation of a sensor 42 without an
additional insertion device. '

It will be appreciated that for many sensors 42 and sensor appliéations, both

, ﬁgid and flexible sensors will operate adequately. The flexibility of the sensor 42

may also be controlled and varied along a continuum by changing, for éxample, the
composition and/or thickness of the substrate 50. |

In addition to considerations regardihg flexibility, it is often desirable that
implantable sensors 42 should have a substrate 50 which is non-toxic. Preferably,
the substrate 50 is approved by one or more appropriate governmental agencies or
private groups for in vivo use. '

The sensor 42 may include optional features to facilitate insertion of an
implantable sensor 42, as shown in Figure 12. For example, the sénsor. 42 may be
pointed at the tip 123 to ease insertion. In addition, the sensor 42 may include a barb
125 which assi§ts in anchoring the sensor 42 within the tissue of the patient during
operation of the sensor 42. However, the barb 125 is typically small enough that

little damage is caused to the subcutaneous tissue when the sensor 42 is removed for

’ replacement.

Although the substrate 50 in at least some embodiments has uniform

dimensions along the entire length of the sensor 42, in other embodiments, the:

sﬁbstrate 50 has a distal end 67 and a proximal end 65 with different widths 53, 55;
respectively, as illustrated in Figure 2. In these embodiments, the distal end 67 of
the substrate 50 may have a relatively narrow width 53. For sensors 42 which are
implantable into the subcutaneous tissue or another portion of a patient’s body, the
narrow width 53 of the distal end 67 of the substrate 50 may facilitate the |
implantation of the sensor 42. 'Often, the narrower the width of thé sensor 42, the |
less pain the patient will feel during implantation of the sensor and afterwards.

For subcutaneously implahtable sensors 42 which are designed for _
continuous or periodic monitoring of the analyte during normal activities of the
patient, a distal end 67 of the sensor 42 v;/hich istobe impianted into the patient has
a widih 53 of 2mm or less, preferably 1mm or less, and more preferably 0.5mm or

less. If the sensor 42 does not have regions of different widths, then the sensor 42
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025 mm, or less. "However, w1der Or narrower sensors may be used. In partlcular

wider 1mplantable sensors may be used for insertion into veins or arteries or when

the movemem of the patient is limited, for example, when the patlent is conﬁned in
bed or in a hospital. ,
Returning to Figure 2, the proximal end 65 of the sensor 42 may have a -

width 55 larger than the distal end 67 to facilitate the connection between contact

. pads 49 of the electrodes and contacts on a control uit. The wider the sensor 42 at

tlus point the larger the contact pads 49Acan be made. This rhay 'redu'ee the pm¢151oh

needed to properly cormect the sensor 42 to contacts on the control unit (e.g., sensor

'control unit 44 of Figure 1). However, the maximum width of the sensor 42 may be -

constrained so that the sensor 42 remains small for the convenience and comfort of
the patient and/or to fit the desired size of the analyte monitor. For example, the

proximal end 65 of a subcutaneously implantable sensor 42, such as the sensor 42

' nllustrated in Figure 1, may have a width 55 rangmg from 0.5mm to 15mm,

- preferably from 1mm to 10mm, and more preferably from 3mm to 7mm. However,

wider or narrower sensors may be used in this and other in vivo applications.

" The thickness of the substrate 50 may be determined by the mechanical
properti_e‘s of the substrate material (e.g.; the strength, modulus, and/or ﬂekibility of
the material), the desired use of the sensor 42 inchiding stresses on the substrate 50
arising from that use, as well as the depth of any channels or indentations t’errﬁed in
the substrate 50 as discussed below. Typically, the substrate 50 of a subcutaneously
implantable sensor 42 for contmuous or penodxc momtonng of the level of an
analyte while the patient engages in normal activities has a thickness of 50 to 500 :
pm and preferably 100 to 300 pm. However, thlcker and thinner substrates 50 may '
be used, pparticularly in other types of in vivo sénsors 42. _

The length of the sensor 42 may have a wide range of values dependiug ona
variety of factors. Factors which influence the length of an implaritable sensor 42.
may include the depth of implantation inito the patient and the ability of the patient to
manipulate a small flexible sensor 42 and make connections between the sensor 42
and the sensor control unit 44 A subcutaneously implantable sensor 42 for the
analyte monitor illustrated in Figure 1 may have a length ranging from 0.3 to 5 cm,
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' howévei', longer or shorter sensors may be used. The length of the narrow portion of -
the sensor 42 (e. 8., the portlon whlch is subcutaneously inserted into the patient), if
the sensor 42 has narrow and ‘wide pomons is typically about 0.25 to 2 cm in length

However, longer and shorter portions may be used. All or only a part of this narrow

portion may be subcutaneously 1mplanted into the patient. The lengths of other-

' 1mplantable sensors 42 will vary dependmg, at least in part, on the portion of the

patient into which the sensor 42 is to be implanted or inserted.

. Conductive Traces

At least one conductive trace 52 is formed on the substrate forusein -
constructing a working electrode 58. In addition, other conductive traces 52 may be

formed on the substrate 50 for use as electrodes (e.g-, additional working electrodes,

~ “as well as counter, counter/reference, and/or reference electrodes) and other

'components such as a temperature probe. The conductive traces 52 may extend

most of the dlstance along a length 57 of the sensor 50, as 1llustrated in Figure 2,

, although this is not necessary. The placement of the conductive traces 52 may

depend on the particular configuration of the analyte monitoring system (e.g., the -

- placement of control unit contacts and/dr the sample chamber in relation to the

. sensor 42). For implantable sensors, particularly subcutaneously implantable

20

25

30

- sensors, the conductive traces typically extend close to the tip of the sensor 42 to

- minimize the amount of the sensor that must be implanted.

: _ The conductive txaces 52 may be formed on the substrate 50 by a variety of
techmques mcludmg, for example, photohthography, screen printing, or other -
impact or non-impact pnntmg techmques -The conductive traces 52 may also be

- formed by carbonizing conductnve traces 52 in an organic (e.g., polymenc or plastic)

substrate 50 using a laser. A description of some exemplary methods for forming -

the sensor 42 is prowded in U.S. Patent Apphcauon Serial No. 09/034 422,
incorporated herein by reference. . RRET

. Another method for disposing the conductive traces 52 on the substrate 50
includes the formation of recessed channels 54 in one or more surfaces of the
substrate 50 and the subsequent filling of these recessed channels 54 with a

conductive material 56, as shown in Figure 3A. The recessed channels 54 may be
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formed by indenting, émboss'ing, or otherwise creating a de‘pressiorl in the surface of
the sub'strate'SO Exemplary methods for forming channels and electrodesina
surface of a substrate can be found in U.S. Patent Application Serial No 09/034,422.
The depth of the channels is typically related to the thickness of the substrate 50. In -
one embodlment, the channels have depths in the range of about 12.5 to 75 um ( 0 5
to 3 mils), and preferably about 25 to 50 pm (1 to 2 mils).

The conductive traces are typically formed using a conductive material 56

'suclx as carbon (e.g., graphite), a conductive polymer, a metal or alloy (e.g. gold or
.- gold alloy) or a metallic compound (e.g., ruthenium dioxide or titanium dioxide)
10

The formation of films of carbon, conductive polymer metal, alloy, or metalllc -
compound are well-known and include, for example chemlcal vapor deposmon
(CVD), physical vapor deposition, sputtering, reactive sputtering, printing, coating,
and pamtmg The conductive material 56 which fills the channels 54'is often formed
using a precursor material, such as a conductive ink or paste. In these embodiments,

the conductive matenal 56is depos;ted on the substrate 50 using methods such as

© coating, pamtmg, or applying the matenal using a spreading mstrument, such as a

coating blade. Excess conductive material between the channels 54 is then remoyed -
by, for example, running a blade alolig the éubstr_ate surface. o 4
In one embodiment, the conducti\_/e material 56 is a part of a precursor -
material, suchas a conductive ink, obtainable, for example, from Ercon, Inc;
(Warehanl, MA), Metech, Inc. (Elverson, PA), E.I. du Pont de Nemours and Co.

- (Wilmington, DE), Emca-Remex Products (Montgomeryville, PA), or MCA »

Services (Melbourn, Great Britaih). The conductive ink is typically épplied asa
semiliquid or paste which contains particles of the carl>on', meial, alloy, or metallic
compound and a solvent or dispersant. After application of the conductive ink on
the substrate 50 (e g, in the channels 54), the solvent or dlspersam evaporates to
leave behind a solid mass of conductive material 56. - o l

- In addition to.the particles of carbon, metal, alloy, or metallic compound, the
conductive ink may also contain a binder: "I'lle binder may optionally be cured to
further bind the conductive material 56 within the channel 54 and/or on the substrate
50. Curing the binder increases the conductivity of the conductive material 56.

However, this is typically not necessary as the currents carried by the conductive
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material 56 within the conducnve traces 52 are often relanvely low (usually less than

-1 pA and often less than 100 nA) Typical binders mclude, for example,

polyurethane resins, cellulose derivatives, elastomers, and highly fluorinated
polymers. Examples of elastomers include silicones, polymeric dienes, and

acrylomtn]e—butadxene-styrene (ABS) resins. One example of a fluorinated polymer

A binder is Teﬂon (DuPont, Wllmmgton DE). These bmders are cured using, for

example, heat or light, including ultmvxolet (UV) light. The appropriate curing
method typically depends on the particular bmder which is used.

L Oﬁen, when a liquid or semiliquid precursor of the conductive matenal 56

(e.g.,a conducnve ink) is deposited in the channel 54, the precursor fills the channel

' 54. However, when the solvent or dispersant evaporates, the conductive material 56

which remains may lose volume such that the conductive material 56 may or may
not continue to fill the channel 54. Preferred conductive materials 56 do not pull

away from the substrate 50 as they lose volume, but rather decrease in hexght within .

_ the channel 54. These conductive materials 56 typically adhere well to the substrate |

50 and therefore do not pull away from the substrate 50 dunng evaporation of the

~ solvent or dispersant. Other suitable conductive materials 56 either adhere to at least

a portion of the substrate 50 and/or contain another additive, such as a binder, which
adheres the conductive material 56 to the substrate‘SO Preferably, the conductive
material 56 in the channels 54 is non-leachable, and more: preferably immobilized on
the substrate 50. In some embodunents. the conductive material 56 may be formed
by multiple applications of a liquid or semiliquid precursor interspersed thh
removal of the solvent or dlspersant

' In another embodiment, the channels 54 are formed using a laser. The laser

‘carbonizes the Ppolymer or plastic material. The carbon formed in this process is

 used as the conductive material 56, -Additional conductive material 56, suchasa o

conductive carbon ink, may be used to .s.upplementﬂthe carbon formed by the laser. .
_ In a further embodiment, the conductive traces 52 are formed by. pad printing

techniques. . For example, a film of conductive material is.formed eitherasa .

. continuous film orasa coating layer deposited on a carrier film. This film of

conductive material is brought between a print head and the substrate 50. A"pattern
on the surface of the substrate 50 is made using the print head according to a desired
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pattern of conductive traces 52. The conductive material is transferred by pressure:

‘and/or heat from the ﬁlm of conductive material to the substrate 50 This technique

often produces channels (e.g., depressions caused by the print head) in the substrate

SO Alternatxvely, the conductive material is deposnted on the surface ofthe .

o ‘substrate 50 without forming substantial depressxons

In other embodiments, the conductive traces 52 are formed by non—irnpact .

' -printing techniques. Such techniques include electrophotography and:

magnetography In these prbcesses an image of the conductive traces 52 is

. electncally or magnencally formed on a drum. A laser or LED may be used to

electncally form an 1mage A magnetic recording head may be used to magnencal]y
form an image. A toner material (e.g.,a conductive material, such as a conductive

ink) is then attracted to portions of the drum according to the image. The toner

‘material is then applied to the substrate by contact between the drum and the

substrate. For example, the substrate may be rolled over the drum. The toner
matenal may then be dried and/or a binder in the toner material may be cured to
adhere the toner material to the substrate.

Another non-impact printing technique includes ejecting droplets of

" conductive material onto the subsuate in a desired pattern. Exarhples of this
techmque include ink jet printing and piezo jet prmtmg Ani 1mage is sent to the _
' pnnter which then ejects the conductive material (e. g., a conductive ink) accordmg

' to the pattern. The printer may prov1de a continuous stream of conductive material

or the printer may eject the conductive material in discrete amounts at the desired
pomts

Yet another non-impact printing émbodiment of forming the conductive

traces includes an ionographic process. In the this process, a curable, liquid ... "

precursor; such as a photopolymerizable acrylic resin (e.g., Solinier 7501 from - - '

. Cubital. Bad Kreuznach, Germany) is deposited over a surface of a-substrate 50. A

photomask having a positive or negative image of the conductive traces 52 is then
used to cure the liquid precursor. Light (e.g., visible or ultraviolet light) is directed
through the photomask to cure the liquid precursor and form a solid layer over the

substrate according to the image on the photomask. Uncured liquid precursor is -
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removed leavmg behmd channels 54 in the sohd layer. These channels 54 can then
be ﬁlled thh conducnvc matenal 56 to form conductive traces 52. _ '
Conductlve traces 52 (and channels 54, lf used) can be formed W1th relatlvely .

narrow widths, for example, in the range of 25 to 250 um, and mcludmg widths of,

for example 250um, 150 pm, 100 pm, 75 Hm, 50pm, 25pm or less by the methods
descnbed above. In embodunents with two or more conductrve traces 52 on the

same side of the substrate 50, the conductive traces 52 are separated by distances

- sufficient to prevent conductxon between the conductive traces 52. The edge-to-edge

distance between the conductxve traces is preferably in the range of 25 to 250pm and
may be, for example, 150 pm, 100 pm, 75pm 50 pm, or less. The densxty of the -

700 um/trace and may be as small as 667 um/trace or less, 333. pm/trace or less, or
even 167 pm/trace or less. '

The workmg electrode 58 and the counter electrode 60 (if a separate
reference electrode is used) are often made using a conductive material 56, such as
carbon Suitable carbon conductive mks are available from Ercon, Inc (Wareham,
MA), Metech, Inc. (Elverson, PA), E.I. du Pont de Nemours and Co. (Wilmmgton, :

'DE), Emca-Remex Products (Montgomeryvﬂle PA), or MCA Services (Melbourn,

Great Britain). Typically, the working surface 51 of the working electrode S8isat

least a portion of the conductive trace 52 that is in contact with the analyte- :

containing fluid (e.g., implanted i in the patient). _ o ,
The reference electrode 62 and/or counter/reference electrode are typxcally

‘formed using conductive matenal 56 that is a suitable reference material, for ,
“example silver/silver chloride or a non-leachable redox couple bound toa conductxve

. material, for example, a carbon-bound redox couple. Suitable sxlver/s:lver chlonde

conductxve inks are available from Ercon, Inc. (Wareham, MA); Metech, Inc.

_ (Elverson, PA), E.I..du Pont de Nemours and Co. (Wllmmgton, DE), Emca-Remex
- Products (Montgomeryville, PA), or MCA Services (Melbourn, Great Brritain).
- Silver/silver chloride electrodes illustrate a type of reference electrode that involves

the reaction of a metal electrode with a constituent of the sample or body fluid, in
this case, CI", '
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Smtable redox couples for bmdmg to the conducnve matenal of the reference

) electrode include, for example, redox polymers (e.g., polymers having multxple

redox centers.) Itis preferred that the reference electrode surface be non-corroding
so that an erroneous potential is not measured. Preferred conductive materials

include less corrosive metals, such as gold and palladxum Most preferred are non--

. corrosive materials mcludmg non-metallic conductors, such as carbon and

conducting polymers. A redox polymer can ‘be adsorbed on or covalently bound to
the conductive material of the reference electrode, such as a carbon surface of a
conductive trace 52. Non-polymeric redox couples can be similarly bound to carbon
or gold surfaces.. | o |

A vanety of methods may be used to immobilize a redox polymer on an

eleetrode surface. One method is adsorptive immobilization. This method is

'pamcularly useful for redox polymers with relatively high molecular weights. The

molecular weight of a polymer may be increased, for example, by cross-linking.
 Another method-for immobilizing the redox polymer includes the

functionalization of the electrode surface and then the chemical bonding, often

covalently, of the redox polymer to the functional groups on the electrode surface.

One exan{ple_ of this type of im'mobilizatiqn begins with a poly(4-vinylpyridine).
~The polymer’s pyridine rings are, in part, complexed with a reducible/oxidizable

species, such as [Os(bpy),CI]"** where bpy is 2,2"-bipyridine. Part of the pyridifie

rings are quaternized by reaction with 2-bromoethylamine, The polymer is then

.crosslmked for example usmg a diepoxide, such as polyethylene glycol dnglycxdyl

ether

Carbon 'surfacw can be modiﬁed for lattachmen't of a redox species or

~ polymer, for example, by electroreduction of a diazonium salt. As an illustration, -

réductiqn: of a diazonium salt formed rxpon diazotization of p-aminobenzoic acid .
modifies a carbon surface with phenylcarboxylic acid furictional groups. These =

" functional gronps can then be activated by a earbodiirnide, such as 1-ethyl-3-(3-

dimethylaminopropyl)—carbodiimide hydrochloride. The activated functional greups

- are then bound with a amine-functionalized redox couple, such as the quaternized

osmium-containing redox polymer described above or 2-aminoethylferrocene, to

form the redox couple.
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. Snmxlarly, gold can be ﬁmctxona]lzed by an amine, such as cystamme A
redox couple such as [Os(bpy)z(pyndlne-4-carboxylate)Cl]°" is actlvated by l-ethyl-
3- (3-dnmethylammopropyl)—carbodnnnde hydrochloride to form a reactive O-

- acylisourea which reacts with the gold-bound amine to form an axmde

‘In one. cmbodnment, in addmon to using the conductive traces 52 as

electrodes or probe leads, two or more of thevconductwe traces 52 on the substrate

50 are used to give the patient a mild electrical shock when, for example, the analyte

- level exceeds a threshold level. This shock may act as a warning or alarm to the

patient to 1mt1ate some action to restore the appropnate level of the analyte.

The mild electrical shock is produced by applymg a potentlal between any
two conductive traces 52 that are not otherwise connected by a conductive path, For
example, two of the electrodes 58, 60, 62 or one electrode 58, 60, 62 and the
temperature probe 66 may be used to provide the mild shock. Preferably, the
working elect_rode 58 and the reference electrode 62 are not used for this purpose as

this may cause some damage to the chemical. components on or proximate to the -

. particular electrode (e.g., the sensing layer on the working electrode or the redox
: _couple on the reference electrode). -

. The current used to prodiice the mild shock is typically 0.1 to 1 mA. Hngher
or lower currents may be used, although care should be taken to avoid harm to the

patient. The potential between the conductive traces is typically 1-to 10 volts.

" However, higher or lower voltages may be used depending, for example; on the
} resistance of the conductive traces 52, the distance between the conductive traces 52
. and the desired amount of cunent. When the mild shock is dehvered, potentials at
~ the working electrode 58 and across the temperature probe 66 may be removed to

'prevent harm to those components caused by unwanted conductlon between the

workmg electrode 58 (and/or temperature probe 66, if used) and the conductive-
traces 52 which prov1d_e the mild shock. - ‘

. Contact Pads 7
30

Typically; each of the conductxve traces 52 includes a contact pad 49. The
contact pad 49 may simply be a portion of the conductive trace 52 that is
indistinguishable from the rest of the trace 52 except that the contact pad 49 is

~e
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brought into contact with the conductive contacts of a control unit (e.g., the sensor

control unit 44 of Figure 1). More commonly, however, the contact pad 4%is a-

- region of the conductive trace 52 that hasa larger width than other regions of the

trace 52 to facilitate a connection with the contacts on the control unit. By making
the contact pads 49 reiatively large as compared with the width of the conductive

traces 52, the need for precise registration between the contact pads 49 and the

' contacts on the control unit is less critical than with small contact pads.

The contact pads 49 are typlcally made usmg the same material as the

- conducnve material 56 of the conductrve traces 52. However, tlns is not necessary
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Although metal, alloys and metallic compounds may be used to form the contact )
pads 49, in some embodlments, it is desirable to make the contact pads 49 from a

carbon or other non-metallic material, such as a conducting polymer. In contrast to

" metal or alloy contact pads, carbon and other non-metallic contact pads are not

* easily corroded if the contact pads 49 are in a wet,‘moist, or humid environment

Metals and alloys may corrode under these conditions, partxcularly if the ‘contact °

- pads 49 and contacts of the control unit are made usmg different metals or alloys.

However, carbon and non-metalhc contact pads 49 do not sxgmﬁcantly corrode, even
if the contacts of the control device are metal or alloy. . '

~ One embodiment of the invention includes a sensor 42 having contact nads

49 and a control unit 44 having conductive contacts (not shown). During operation

_ of the sensor 42, the contact pads 49 and conducttve contacts are in contact with

each other. In this embodiment, either the contact pads 49 or the conducnve

-_contacts are made using a non-corroding; conductlve material. Such matenals

'~ include, for exarnple, carbon and conductxng polymers. Preferred non-corrodmg

matenals include graphite and vitreous carbon.” The opposing contact pad or

'~ conductive contact is made using carbon, a conductmg polymer, a metal, such as -

30

. gold, palladmm or platinum group metal, or a metallic compound, such as
- ruthenium dioxide. This configuration of contact pads and conductive contacts
. typically reduces corrosion. Preferably, when the sensor is placed in a 3 mM, and

more preferably, in a 100 mM, NaCl solution, the signal arising due to the corrosion
of the contact pads and/or conductive contacts is less than 3% of the signal generated
by the sensor when exposed to concentration of analyte in the normal physiological
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‘ range. For at least some subcutaneous glucose sensors, the current generated by

. 'analyte in a normal physiological range ranges from 3 to 500 nA.
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Each of the electrodes 58 60, 62, as well as the two probe leads 68, 70 of the

. temperature probe 66 (descnbed below) are connected to contact pads 49 as shown .
: in Figures 10 and 11. In one embodiment (not Shown) the contact pads 49 are on

the same side of the substrate 50 as the respective electrodes or temperature probe
leads to which the contact pads 49 are attached.
In other embodrments the conductive traces 52 on at least one side are

connected through vias in the substrate to contact pads 49a on the opposrte surface

of the substrate 50, as shown in Figures 10 and 11. An advantage of this

configuration is that contact between the contacts on the control unit and each of the
electrodes 58, 60, 62 and the probe leads 68, 70 of the temperature probe 66 can be
made ﬁorn a single side of the substrate 50.

' In yet other embodiments (not shown), vias through the substrate are used to

| provrde contact pads on both sides of the substrate 50 for each conductive trace 52.

The vras connectmg the conductive traces 52 wrth the contact pads 49a can be
formed by making holes through the substrate 50 at the appropnate points and then
filling the holes with conductive material 56. '

Exemplary Electrode Configurations

. A number of exemplary electrode configurations are described below,
however 1t wrll be understood that other configurations may also be used. Inone
embodxment, illustrated in Figure 3A, the sensor 42 includes two working electrodes

58a, 5 8b and one counter electrode 60 which also functions as a reference electrode.

‘In another embodiment, the sensor includes one working electrode 58a, one counter

electrode 60, and one reference electrode 62, as shown in Figure 3B. Each of these
embodiments is illustrated with all of the electrodes formed on the same side of the
substrate 50.. , , _ L o

. Alternatively, one or more of the electrodes may be formed on an opposmg

) sxde of ‘the substrate 50. This may be convenient if the electrodes are formed using -
. two different types of conductive material 56 (e.g., carbon and silver/silver chloride).

'Il1en. at least in some embodiments, only one type of conductive material 56 needs

o
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to be applied to each side of the substrate 50, thereby reducing the number of step‘s

in the manufacturing process and/or easing the registration constraints in the process.
For example, if the working electrode 58 is formed using a carbon-based conductive

material 56 and the reference or counter/reference electrode is formed using a

silver/silver chloride conductive material 56, then the working electrode and

-reference or counter/reference electrode may bé formed on opposing sides of the

substrate 50 for ease of manufacture. ,

In another embodiment, two working electrodes 58 and one counter electrode
60 are formed on one side of the substrate 50 and one reference elecirode 62 and a
temperature probe 66 are formed on an opposing side of the substrate 50 as
illustrated in Figure 6. The opposing sides of the tlp of this embodiment of the
sensor 42 are illustrated i in Figures 7 and 8.

Sensing Layer o o .

~. Some analytes, such as oxygen, can be directly electrooxidized or
electroreduced on the working electrode 58. Other analytes, such as glucose and
lactate, reqtlire the préseﬁéc of at least one electron transfer agent and/or at least one
catalyst to facilitate the electrooxidation or‘electroreductiqn of the analyte. Catalysts

may also be used for those analyte, such as oxygen, that can be directly

. electrooxidized or electroreduced on the working electrode 58. For these analytes,

*. "each working electrode 58 has a sensing layer 64 formed proximate to or on a

workmg sutface of the workmg electrode 58. Typically, the sensing layer 64 i 1s :

" formed near or on only a small portion of the working electrode 58, often nearatip

. of the sensor 42. This limits the amount of material needed to form the sensor 42

and places the sensing layer 64 in the best position for contact with the analyte-

. containing fluid (eg.,a body fluid, sample fluid, or camer fluid).

The sensing layer 64 includes one or more components desngned to facilitate
the electrolysis of the analyte. The sensing layer 64 may include, for example, a
catalyst to catalyze a reaction of the analyte and produce a response at the working
electrode 58, an electron transfer agent to indirectly or directly transfer electrons
between the analyte and the working electrode 58, or both.
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The sensing layer 64 may be formed as a solid composition of the desired
cbmponentg (e.8., an electron transfer agent and/or a catalyst). These components
are preferably non‘leachable from the sensor 42 and more preferably are

immobilized on the se_xisor 42. For example, the components may be immobilized

ona working electrode 58.. Alternatively, the components of the sensing layer 64 .

may be immobilized within or between one or more membranes or films disposed
over the working electrode 58 or the components may be immobilized in a
polymeric or sol-gel matrix. Examples of immobilized sensing layers are described
in U.S.‘VPat_e‘nts Nos. 5,262,035, 5,264,104, 5,264,105, 5,320,725, 5,593,852, and

»S,665.,222, U.S. Patent Applicatidn No. 08/540,789, and PCT Patent Application No.

US98/02403 entitled “Soybean Peroxidase Electrochemical Sensor”, filed on
February 11, 1998, Attorney Docket No. M&G 12008.8WOI2, incorporated herein

by reference.

~ In some embodiments, one or more of the components of the sensmg layer
64 may be solvated dispersed, or suspended in a fluid within the sensing layer 64,

instead of forming a solid composmon The fluid may be provided with the sensor

42or may be absorbed by the sensor 42 from the analyte-containing fluid.
: Preferably, the components which are solvated, dlspersed or suspended in this type

of sensmg layer 64 are non-leachable from the sensing layer. Non-leachability may
be accomplished, for example, by providing barriers(e.g., the electrode, substrate,

membranes, and/or films) around the sensing layer which prevent the Ieachmg of

- the components of the sensing layer 64. One example of such a barrier is a

mncroporous membrane or film which allows diffusion of the analyte into the '

 sensing layer 64 to make contact with the components of the sensing layer 64, but

. reduces or eliminates the diffusion of the sensing layer components (e.g., a electron

transfer agent and/or a catalyst) out of the sensing layer 64
A vanety of different sensmg layer configuratlons can be used. In one
embodiment, the sensing layer 64 is deposited on the conductive material 56 of a

.working electrode 58a, as illustrated in Figures 3A and 3B. The sensing layer 64

may extend beyond the conductive material 56 of the working electrode 58a. In
some cases, the sensing layer 64 may also extend over the counter electrode 60 or

reference electrode 62 without degrading the performance of the glucose sensor. For
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thoee sensors 42 which utilize channels 54 within which the conductive ‘material 56

is deposxted a portion of the sensing layer 64 may be formed within the channel 54 _

: - if the conductlve matenal 56 does not fill the channel 54

A sensing layer 64 in direct contact with the working electrode 58a mdy

contain an electron transfer agent to transfer electrons directly or indirectly between

- the analyte and the working electrode, as well as a catalyst to facilitate a reaction of

the‘analyte. For example, a glucose, lactate, or oxygen electrode may be formed

having a sensing layer which contains a catalyst, such as glucose oxidase, lactate

- oxxdase or laccase, respecnvely, and an electron transfer agent that facﬂltates the

electrooxxdanon of the glucose, lactate, or oxygen, respectively.

In another embodiment, the sensmg layer 64 is not deposited directly on the
working electcode 58a. Instead, the sensing layer 64 is spaced apart from the
working electrode 58a, as illustrated in Figure 4A, and separated from the'working '

;electrode 58a by a separation layer 61. The separation layer 61 typically mcludes
one or more membranes or films. In addition to separating the working electrode-
, 58a from the sensing layer 64, the separatlon Iayer 61 may also act asa mass ‘

- transport hmxtmg layer or an interferent eliminating layer, as described below.

Typlcally, a sensmg layer 64, which is not in direct contact with the workmg
electrode 58a, includes a catalyst that facilitates a reaction of the analyte. ‘However,
this sensing layer 64 typically does not include an electron transfer agent that

transfers electrons directly from the working electrode 58a to the analyte, as the

sensing layer 64 is spaced apart from the working electrode 58a. One example of -
this type of sensor is a glucose or lactate sensor which includes an enzyme (eg, -
glucose oxidase or lactate oxidase, respectiv-ely) in the sensing layer 64. The -

glucose or lactate reacts with a second compound (e.g., oxygen) in the presence of

. the enzyme. The second compound is then electrooxidized orelectroreduced at the

electrode. . Changes in the signal at the electrode indicate changes in the level of the
second compound in the fluid and are proportional to changes in glucose or lactate
level and, thus, correlate to the analyte level.

In anotl;er embodiment, two sensing layers 63, 64 are used, as shown in
Figure 4B. Each of the two sensing layers 63, 64 may be independently formed on
the working electrode 58a or in proximity to the working electrode 58a. One
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sensing layer 64 is typically, although not necessari.ly, Spaced apart from the

. working electrode 58a. For example, this sensing layer 64 may include a catalyst :

which catalyzes a reaction of the analyte to form a product compound. The product
compound_ is then electrolyzed in the second sensing layer 63 which may include an
electron transfer agent to transfer electrons between the working electrode 58a and
the product compound and/or a second catalyst to catalyze a reaction of the product
compound to generate a signal at the working electrode 58a. _
For example, a glucose or lactate sensor may include a first sensing layer 64
which is spaced apart from the workmg electrode and contains an enzyme, for

example glucose oxidase or lactate oxidase. The reaction of glucose or lactate in

- the presence of the appropriate enzyme forms hydrogen peroxide. A second sensing

) layer 63 is provided directly on the working electrode 58a ahd contains a peroxidase

. enzyme and an electron transfer agent to generate a signal at the electrode in
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response to the hydrogen peroxide. The level of llydrOgen peroxide indicated by the -
sensor then correlates to the level of glucose or lactate. Anothér'senSor which
operates similarly can be made using a single sensing layer with both the glucose or
lactate oxidase and the peroxidase being deposited in the sing'le. sensing layer.
Examples of such sensors are described in US Patent No. 5,593,852, U.S. Patent
Application No. 08/540,789, and PCT Patent Application No. US98/02403 entitled
“Soybean Peroxidase Electrochemrcal Sensor™, filed on February 11, 1998, Attomey
Docket No. M&G 12008. 8W012 incorporated herein by reference: -

In some embodiments, one or more of the working electrodcs 58bdo not -

have a correspondmg sensing layer 64, as shown in Flgures 3A and 4A,orhavea

. sensmg layer (not shown) which does not contain one or more components (e.g., an -
 electron transfer agent or catalyst) needed to electrolyze the analyte The signal
- generated at this working electrode 58b typrcally atises from interferents and other :

sources, such as ions, in the fluid, and not in response to the analyte (because the
analyte is not electrooxidized or electroreduced). : Thus, the signal at this working
electrode 58b corresponds to a background signal. The backgroind signal cari be
removed from the analyte signal obtained from other working electrodes S58a that are '
associated with fully-functional sensing layers 64 by, for example, subtracting the

- signal at working electrode 58b from the signal at working electrode 58a, -
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Sensors having multiple-working electrodes 58a may also be used to obtain '.

_more precrse results by averaging the signals or measurements generated at these _
-~ working electrodes 58a. In addition, multlple readmgs at a single working electrode

* 58a or at multiple working electrodes may be averaged to obtain more precrse data.

- Electron Transfer Agent

In many embodiments, the sensing layer 64 contains one or more electron
transfer agents in contact with the conductive material 56 of the working electrode

58, as shown in Flgures 3A and 3B. In some embodiments of the i invention, there is

little or no leachmg of the electron transfer agent away from the working electrode

58 during the period in which the sensor 42 is 1mplanted in the patient. A diffusing
or leachable (i.e., releasable)_ electron transfer agent often diffuses into the analyte-
containing fluid, thereby reducing the effectiveness of the electrode by reducing the
sensitivity of the sensor over time. In addition, a diffusing or leaching électron
transfer agent in an implanteble sensor 42 may also cause damage to the patient. In

these embodiments, preferably, at least 90%, more preferably, at least 95%, and,

. . most preferably, at least 99%, of the electron transfer agent remains disposed on the

- sensor after immersion in the analyte-containing fluid for 24 bours, and, more

preferably, for 72 hours. In particular, for an implantable sensor, preferably, at least.
90%, more preferably, at least 95%, and most preferably, at least 99%, of the
electron transfer agent remains disposed on the sensor after i immersion in the body
ﬂurd at 37°C for 24 hours, and, more preferably, for 72 hours

. Insome embodlments of the invention, to prevent leaclnng, the electron

_transfer agents are bound or otherwise immobilized on the working electrode 58 or

between or wrthm one or more membranes or films disposed over the workmg
electrode 58. The electron transfer agent may be immobilized on the workmg
electrode 58 using, for example, a polymeric or sol-gel immobilization technique.

Alternatively, the electron transfer agent may be chemically (e.g., ionically,

' covalently, or coordinatively) bound to the working electrode 58, either directly or

indirectly through another molecule, such as a polymer, that is in turn bound to the
working electrode 58. N

PCT/US98/25685
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: Applrcatron of the sensing layer 64 on a working electrode 5 8a is one method

" for creating a working surface for the workmg electrode 58a, as shown in Figures 3A

and 3B. The electron transfer agent mediates the transfer of electrons to
electrooxidize or electroreduce an analyte and thereby permits a current flow

between the working electrode 58 and the counter electrode 60 via the analyte. The

. mednanon of the electron transfer agent facilitates the electrochemrcal analysrs of

analytes which are not suited for direct electrochemical reaction on an electrode.

In general, the preferred electron transfer agents are electroredumble and

| ‘electrooxxdlzable ions or molecules having redox potentxals that are a few hundred

millivolts above or below the redox potential of the standard calomel electrode

150 mV and not more oxidizing than about +400 mV versus SCE.

. The electron transfer agent may be organic, organometallic, or morgamc

_ Examples of organic redox specres are quinones and species that in their oxidized

state have quinoid structures, such as Nile blue and indophenol, Some quinones and
partially oxidized quinhydrones react with functional groups of proteins such as the
thiol groups of cysteine, the amine groups of lysine and arginine, and the phenolic

groups of tyrosine which may render those redox species unsuitable for some of the

- sensors of the present invention because of the presence of the mterfenng proteins in

an analyte-containing fluid, Usually substituted quinones and molecules with -

qumord structure are less reactive with proteins and are preferred. A preferred

tetrasubstltuted quinone usually has carbon atoms in positions 1, 2, 3, and 4.

In general, electron transfer agents suitable for use in the invention have

| structures or charges which prevent or substantially reduce the drffusronal loss of the

electron transfer agent during the period of time that the sample is being analyzed.
The preferred electron tmnsfer agents include a redox species bound to a polymer
which can in turn be lrnmobrllzed on the working, eleetrode The bond between the
redox species and the polymer may be covalent, coordmatlve or ionic.- Useful .

_electron transfer agents and methods for producing them are described in U.S. Patent

Nos. 5,264, 104 3,356,786; 5,262,035; and 5,320, 725, mcorporated herein by
reference. Although any organic or organometallic redox species can be bound to a

polymer and used as an electron transfer agent, the preferred redox speciesisa
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transition metal compound or complex. The preferred transition metal compounds
or complexes include osmium, ruthenium, iron, and cobalt compounds or

camplexes. The most preferred are osmium compounds and complexes. It will‘be

| recognized that many of the redox species described below may also be used, -

typically without a polymeric component, as electron transfer agents in a carrier
fluid or in a sensing layer of a sensor where leaching of the electron transfer agerxt is
acceptable;

One type of non-releasable polymeric electron transfer agent contains a redox
species covalently bound in a polymenc composition. An example of this type of
mediator is poly(vmylferrocene) '

~ Another type of non-releasable electron transfer agent contams an xomcally-
bound redox species. Typically, this type of mediator includes a charged polymer
coupled to an oppositely charged redox species. Examples of this type of medxator
mclude a negatively charged polymer such as Naﬂon (DuPont) coupled to a

positively charged redox species such as an osmium or ruthenium polypyndyl

- cation. Another example of an jonically-bound mediator is a positively charged

20
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30

polymer such as quaternized poly(4-vinyl pyridine) or poly(1-vinyl irhidazole). ‘_
coupled to a negatively charged ) redox species such as ferricyanide or fe‘n’ocyariide

" The preferred ionically-bound redox species is a highly charged redox species bound

within an oppositely charged redox polymer.

In another embodiment of the invention, suitable non-releasable electmn
transfer agents include a redox specxes coordinatively bound to a polymer. For - -
example, the mediator may be formed by coordination of an osm_xum or cobalt 2,2-
bipyridyl eomplex to poly(l-_vinyl imidazole) or poly(4-vinyl pyridine).

: ’rhe preferred electron transfer agents are osmium traﬂsition metal eomplexes |
with one or more ligands; each h’g‘and having a nitrogen-containing heterocycle“suelr'
as 2,2’-bipyridine, 1,10-phenanthroline, or derivatives thereof Furthermore, the
preferred electron transfer agents also have one or more ligands covalently bound in
a polymer, each ligand having at least one nitrogen-containing heterocycle, such as
pyridine, imidazole, or derivatives thereof. These preferred electron transfer agents
exchange electrons rapidly between each other and the working eleetrodes 58 so that
the complex can be rapidly oxidized an_d reduced. -,

PCT/US98/25685
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"One example of a pamcularly useful electron transfer agent includes (a) a-

polymcr or copolymer having pyridine or xmldazole ﬁmctlonal groups and (b)

osmxum cations complexed with two ligands, each ligand containing 2,2°-bipyridine,

1,10-phenanthroline, or derivatives thereof, the two ligands not necessarily being the
same. Preferred derivatives of 2,2’-bipyridine for complexation with the osmium
cation are 4,4’-dimethy}-2,2’-bipyridine and mono-, di-, and polyalkoxy-2,2’-
bipyridines, such as 4,4’-dimethoxy-Z,Z’-bipyridine. Preferred derivatives of 1,10-
phenanthroline for complexation with.the osmium cation are 4,7-dimethyl-1,10-
phenanthroline and mono, di-, and polyall(_oxy-l?lo-phenarltlxrolines, such as 4,7-
dimethoxy-1,10-phenanthroline. Preferred polymers for complexation withthe
osmium cation include polymers and copolymers of poly(1-vinyl imidazole)
(referred to as “PVI”) and poly(4-vinyl pyridine) (referred to as “PVP”). Suitable

_ copolymer substituents of poly(1-vinyl imidazole) include acrylonitrile, acrylamide,

and substituted or quaternized N-vmyl 1m1dazole Most preferred are electron

transfer agents with osmium complexed to a polymer or copolymer of poly(l-vmyl :

imidazole).
The preferred electron transfer agents have a redox potential ranging from -

100 mV to about +150 mV versus the standard calome electrode (SCE). Preferably,
_ the potential of the electron transfer agent ranges from -100 mV to +150 mV and

more preferably, the potentxal ranges from -50 mV to +50 mV. The most preferred

electron transfer agents have osmium redox centers and a redox potential rangmg

from +50 mV to -150 mV versus SCE

Catalyst A s ,
- The sensing layer 64 may also include a catalyst which is .capab'le of
catalyzmg a reaction of the analyte. The catalyst may also, in some embodxments

actas an electron transfer agent. One example of a suitable catalyst is an enzyme _
~ which catalyzes a reaction of the analyte. For example a catalyst, suchas a glucose

oxidase, glucose dehydrogenase (e.g., pyrroloqmnolme quinone glucose - -
dehydrogenase (PQQ)), or oligosaccharide dehydrogenase, may be used when the

. analyte is glucose. A lactate oxidase or lactate dehydrogenase may be used when the -

PCT/US98/25685
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analyte is lactate. Laccase may be used when the analyte is oxygen or when oxygen -

s generated or consumed in response to a reaction of the analyte.

. Preferably, the catalyst is non-leachably disposed on the sensor, whether the
catalyst is part of a solid sensing layer in the sensor or sofvated in a fluid within the
sensing layer. More preferably, the catalyst is immobilized within the sensor (e.g.,
on the electrode_ and/or wi.thin'or between a membrane or film) to _prevem uhwanted _

leaching of the catalyst away from the working electrode 58 and into the patient.

“This may be accomplished, for example, by attaching the cata]yst toa polymer cross _
»hnkmg the catalyst with another electron transfer agent (which, as descnbed above,
can be polymeric), and/or providing one or more barrier membranes or films with

- pore 51zes smaller tha.n the catalyst.

_ As described above, a second catalyst may also be used This second catalyst

is often used to catalyze a reaction of a product compound resulting from the

catalyzed reaction of the analyte. The second catalyst typically operates with an

electron transfer agent to electrolyze the product compound to generate a signal at
the working electrode. Alternatively, the second catalyst may be provided in an

interferent-eliminating layer to catalyze reactions that remove interferents, as

“described below.

‘One embodiment of the invention is an electrochemical sensor in which the
catalyst is mixed or dispersed in the conductive material 56 which forms the
conductive trace 52 of a working electrode 58. This may be accomplished, for

* example; by mixing a catalyst, such as an enzyme, in a carbon ink and applying the -
* mixture into a channel 54 on the surface of the substrate 50. Preferably, the catalyst

is immobilized in the channel 53 so that it can not leach away from the workmg

electrode 58 This may be accomphshed, for example by cunng a bindér in the

carbon ink using a curing technique appropriate to the birder. Curing techniques. A
include, for example, évaporation of a solvent or dispersant, exposure 'to ultraviolet
light, or exposure to heat. Typically, the mixture is applied under conditions that do
not substantially degrade the catalyst. For example, the catalyst may bé an e'nzyme
that is heat-sensitive. The enzyme and conductive material mixture should be
applied and cured, preferably, without sustained periods of heating. The mixture
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_ rnay be cured usmg evaporatxon or UV curing techniques or by the exposure to heat _‘

that is suﬁiclently short that the catalyst is not substantially degraded

_ - Another consideration forin vivo analyte sensors is the thermostability of the
catalyst. Many enzymes have only limited stability at biological temperatures.
Tnus, it may be necessary to use large -amounts of the catalyst and/or use a catalyst
that is thermostable at the necessary femperature (e.g., 37°C or higher for normal
body ternperature). A thermostable catalyst may be defined as a catalyst which loses
less than 5% of its activity when held at 37°C for at least one hour, preferably, at
least one day; and more préferably at least t_hree days. One example of a
thermostable catalyst is soybean peroxidase. This particular thermostable catalyst
may beusedina glucose-or lactate sensor when combined either in the same or
separate sensing layers with glucose or lactate oxidase or dehydrogenase. A further -

description of thermostable cata'lystsv and their use in electrochemieal inventions is

- found in U.S. Petent No. 5,665,222 U.S. Patent Application No. 08/540,789, and

PCT Application No. US98/02403 entitled “Soybean Peroxidase Electrochemical

* Sensor”, filed on February 11, 1998, Attorney Docket No. M&G 12008.8WOL2.

" Electrolysis of the Analyte

To electrolyze the analyte, a potential (versus a reference potential) is applied;
across the working and counter electrodes 58, 60. The minimum magnitude of the
applied potential is often dependent on the particular electron transfer agent, zmalyte
(if the analyte is directly electrolyzed at the electrode) or second compound (ifa’

~_second compound, such as oxygen or hydrogen peroxxde, whose level i is dependent

on the analyte level is directly electrolyzed at the electrode). The apphed potentxal
usually equals oris more oxidizing or reducing, depending on the desired -
electrochemlcal reaction, than the redox potentxal of the electron transfer agent,
analyte, or second compound, whichever is directly electrolyzed at the electrode.
The potentlal at the working electrode is typically large enough to drive the

} e!ectrochemxcal reacnon to or near completion..

The magnitude of the potential may optionally be limited to prevent
sngmﬁcant (as determined by the current generated in response to the analyte)

- electrochemical reaction of interferents, such as urate. ascorbate, and
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acetaminophen. '_I'_belimitation of the potential may be obviated if these lnterferents
have been removed in another way, such as by providing an interferent-limiting »
barrier, as described below, or by including a working electrode 58b (see Fi igure 3A)
from which a background signal may be obtained. _ .

' When a potential is applied between the working electrode 58 and the

' _counter electrode 60, an electrical current will flow. The current is a result of the

electrolysis of the analyte or a second compound whose level is affected by the
analyte. In one embodiment, the electrochemical reaction occurs via an electron _
transfer agent and the optional catalyst. Many a_nalytes B are oxidized (or reduced)
to products C by an electron transfer agent species A in the presence of an
appropriate catalyst (e.g., an enzyme). The electron transfer agent A is then oxidized
(or reduced) at the electrode. Electrons are collected by (or removed from) the :
electrode and the resultmg current is measured. This process is illustrated by
reaction equatrons n and (2) (similar equat:ons may be written for the reductron of

the analyte B by a redox mediator A i in the presence of a catalyst):

nA(ox)+BLta'y_s‘—mA(red)+c : a
-nA(red)—e—'e"Lde-mA(ox) + ne @

Asan example an electrochemrcal sensor may be based on the reaction of a

. glucose molecule wrth two non-leachable femcyamde anions in the presence of
20 -

glucose oxidase to produce two non-leachable ferrocyamde anions, two hydrogen

ions, and gluconolactone The amount of glucose present is assayed by -

electrooxrdmng the non-leachable ferrocyanide anions to non-_leachable ferricyanide ‘V
amonsandmeasunngthecun'ent A . N ‘

In another embodiment, a second compound whose level is aﬁ'ected by the -
analyte is electrolyzed at the working electrode In some cases the analyte Dand
the second compound, in thrs case, a reactant compound E, such as oxygen, react in
the presence of the catalyst, as shown in reaction equation (3).

D+E F+G. : 3)
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. The reactant compound E is then directly oxidized (or reduced) at the working -

electrode, as shown in reaction equation 4)

nE(red)M—)nE(ox) + ne’ S @

Alternatively, the reactant compound E is indirectly oxidized (or reduced) using‘an
electron transfer agent H (optionally in the presence of a catalyst), that is
subsequently reduced or oxidized at the electrode, as shown in reaction equatlons 5)

and (6)

nH(ox) + E —— nH(red) + 1 )

AH(red) —2 "% , 1p1(ox) + ne” ©

In either ease, changce m the concentration of the reactant compotmd, as
indicated by the signal at the working electrode, correspond inversely to chénges in
the analyte (i.e., as the level of analyte increase then the level of reactant compound
and the srgnal at the electrode decreases.)

* In other embodiments the relevant second compound is a product cotnpound :
F,as shownin reacnon equation (3). The product compound F is formed by the
catalyzed reaction of analyte D and then be directly electrolyzed at the electrode or ‘
indirectly electrolyzed using an electron transfer agent and, optlonally, acatalyst. In -

‘these embodiments, the signal arising from the direct or indirect electrolysis of the

20

25

: product compound F at the working electrode corresponds du'ectly to the level of the |

analyte (unless there are other sources of the product compound). ' As the level of
analyte increases, the level of the product compound and 31gnal at the workmg .

. electrode increases.

Those skilled in the art will recognize that there are many different réactions
that will achieve the same result; namely the electrolysis of an analyte or a
compound whose level depends on the level of the analyte. Reaction equatxons a1 -

* through (6) illustrate non-lnmtmg examples of such reactions.
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- Temperature Probe

A variety of optional items may be included in the sensor. One optional item

isa temperature probe 66 (Figures 8 and 11). The temperature probe 66 may be

. made using a variety of known designs and materials. One exemplary temperature

probe 66 is formed using two probe leads 68, 70 connected to each other through a

temperature-dependent element 72 that is formed using a material with a

- temperature-dependent characteristic. An example of a suitable temperature-

‘dependent characteristic is the resistance of the temperature—dependént element 72. - -

The two probe leads 63, 70 are typically formed using a metal, an alloy, a
semimetal, such as graphite, a degenerate or highly doped semiconductor, or a small-
band gap semiconductor. Examples of suitable materials include gold, silver,
ruthenium 6xide, titanium nitride, titanium dioxide, indium doped tin oxide, tin

doped indium oxide, or graphite. The temperature-dependent element 72 is typically

-made using a fine trace (e.g., a conductive trace that has a smaller cross-section than

that of the probe leads 68, 70) of the same conductive material as the probe leads, or

‘another miaterial such as a carbon ink, a carbon fiber, or platinum, which hasa

témpemture—dependent characteristic, such as resistance, that provides a
temperature-dependent signal when a voltage source is attached to the two probe
leads 68, 70 of the temperature probe 66. The temperature-dependent characteristic

of the temperature-dependent element 72 may either increase or decrease with

' température. Preferably, the temperature dependence of the characteristic of the
‘ t_emperéture-dependent'elemeni 72 is approximately linear with temperature over the

expected range of biological temperatures (about 25 to 45 °C), although this is not
required. -

Typically, a signal (e.g., a current) having an amplitude or other property that

' isa function of the temperature can be obtained by providing a potential across the

two probé leads 68, 70 of the temperature probe 66. As the temperaturé changes, the
temperature-dependent characteristic of the temperature-dependént element 72
ifxcreases or decreases with a corresponding change in the signal amplitude. The
signal from the temperature probe 66 (e.g., the amount of current flowing through
the probe) may be f:ombined with the signal obtained from the working électrode 58
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by, for example, scaling the temperature probe Signal and then adding or subtracting
“the scaled temperature probe signal froxn the signal at the working electrode 58. In

this manner, the temperature probe 66 can provide a temperature adjustment for the

output from the workmg electrode 58 to offset the temperature dependence of the

workmg electrode 58. ' o '
One embodiment of the temperature probe inclndes probe leads 68,70

| fonned as two spaced-apart channels with a temperature-dependent element 72

formed as a cross-channel connecting the two spaced-apart channels, as illustrated in

. Figure 8 The two spaced-apart channels contain a conductive material, suchasa
10 -

metal, alloy, semimetal, degenerate semiconductor, or metallic compound. The
cross-channel may contain the same material (provided the cross-channel has a
smaller cross-section than the two spaced-apart channels) as the probe leads 68, 70.
In other embodlments the matenal in the cross-channel is different than the material
of the probe leads 68, 70. ’. ’

One exernplary method for forming this partieular temperature probe
includes forming the two spaced-apart channels and then filling them with the
metallic or alloyed conductive material. Next, the cross-channel is formed and then
filled with the desired material. The material in the cross-channel overlaps with the
cbnductive. material fn each of the two spaced-apart channels to form an elee_trieal "
connection. | . .

For proper operation of the temperature probe 66 the temperature-dependent -
element 72 of the temperature probe 66 can not be shorted by conductlve matenal A

. formed between the two probe leads 68, 70. In addition, to prevent conductron
: 'between the two probe leads 68, 70 by i jonic species within the body or sample ﬂund,

a covering may be provided over the temperature-dependent element 72, and .
preferably over the portion of the probe leads 68, 70 that is implanted in the patient.
The covering may be, for example, a non-conductingb film disposed over the °
temperature-dependent element 72 and probe leads 68, 70 to prevent the ionic -
conduction. Suitable non-conducting films include, for example, Kapton™
polyimide films (DuPont, Wilmington, DE).

Another method for eliminating or reducing conduction by ionic species in

the body or sample fluid is to use an ac voltage source connected to the probe leads
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h _ 68,70. In this way, the positive and negaiive:ionic species are allernately attracted

10

and repelled during each half cycle of the ac veltage.' This resuits in no net attraction
of the ions in the body or sample' fluid to the temperature probe 66. The mekimum
amplitude of the ac current through the temperature-dependent element 72 may then
be used to correct the measurements from the working electrodes 58.

The temperature probe can be placed on the same substrate as the electrodes.
Alternatively, a temperature probe may be placed on a separate substrate. In
addition, the temperature probe may be used by itself or in conjuhetioﬁ'with other
deirices. | 4 . o )
, Another embodiment of a temperature probe utilizes the femperature
dependence of the conductivity of a solution (e.g., blood or interstitial fluid).
Typically, the conductivity of an electrolyte-containing solution is dependent on the

* temperature of the solution, assuming that the concentration of e]ectrolyteé is

; rela'avely constant. Blood, interstitial fluid, and other bodily fluids are solutions
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with relatively constant levels of electrolytes. Thus, a sensor 42 can include two or
more conductive traces (not shown) which are spaced apart by a known distance. A
portion of these conductive traces is exposed to the solution and the condueti\wity
between the exeosed pbrtions of the conductive traces is measured using knbwn
techniques (e.g., application of a constant or known current or potential and
measurement of the resultmg potential or current, respectively, to determine the
conductivity). _

A change in conductivity is related toa change in temperature ‘This relanon
can be modeled using linear, quadratic, exponential, or other relations. The '
parameters for this relationship typxcally do not vary significantly between most
people. The calibration for the temperature probe can be determined by a variety of
methods, _including, for example, calibration of each sensor 42 using an indepexident

- method of determining temperature (e.g., a thermometer, an optical or electrical

temperature detector, or-the temperature probe 66, described above) ore"alibrating

- one sensor 42 and-using that calibration for all other sensors in a batch based on

uniformity in geometry.
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Blocompatxble Layer

An optional film layer 75 is formed over at least that portion of the sensor 42
Whlch is subcutaneously inserted into the patient, as shown in Figure 9. This
optional ﬁlm layer 74 may serve one or more functions. The film layer 74 prevents

the penetration of large biomolecules into the electrodes. This is accomplished by

using a film layer 74 having a pore size that is smaller than the biomolecules that are

to be excluded. Such biomolecules may foul the electrodes and/or the sensing layer

- 64 thereby reducing the effectiveness of the sensor 42 and altering the expected

signal amplitude for a given analyte concentration. The fouling of the working -
electrodes 58 may also decrease the effective life of the sensor 42. The

biocompatible layer 74 may also prevent protein adhesion to the sensor 42,

- formation of blood clots, and other undesirable interactions between the sensor 42

and body.
~ For example, the sensor may be completely or partially coated on its exterior -

with a biocompatible coating. A preferred biocompatible-coating is a hydrogel

which contains at least 20 wt.% fluid when in equilibrium with the analyte-

‘contaxmng fluid. Examples of suitable hydrogels are described in U.S. Patent No. 5,

593, 852, mcorporated herein by reference, and mclude crosslmked polyethylene
oxxdes such as polyethylene oxide teu'aacrylate

interferent-Eﬁminaﬁng Layer

.. An interferent-eliminating layer (not shown) may be included in the sensor

42. The interferent-eliminating layer may be incorporat_ed in the biocompatible Iayei

75 or in the mass transport limiting layer 74 (described below) or may bea separate

layer. Interferents are molecules or other species that are electroreduced or

. electrooxxdlzed at the electrode, either dlrectly or.via an electron transfer agent, to’

produce a false signal. In one embodiment, a film or membrane prevents the .
penetratxon of one or more interferents into the region around the working electrodes
58. Preferably, this type of interferent-eliminating layer is much less permeable to
one or more of the interferents than to the analyte.

The interferent-eliminating layer may include ionic components, such as

Nafion®, incorporated into a polymeric matrix to reduce the permeability of the
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. mterferent-elmnnatmg layer to ionic mterferents having the same charge as the ionic

components. For example, negatxvely charged compounds or compounds that form

negative ions may be incorporated in the mterferent-ehmmanng layer to reduce the

permeation of negative species in the body or sample fluid.

Another example of an interferent-eliminating layer includes a catalyst for
catalyzing a reaction which removes interferents. One example of such a catalyst is

a peroxidase. Hydrogen peroxide reacts with interferents, such as acetaminophen,

‘ urate, and ascorbate. The hydrogen peroxide may be added to the aﬁélyte-confair_xing

A’ ﬂixid or 'm‘ay be generatéd in situ, by, for example, the reaction of glucose or lactate

in the p'rééence of glucose oxidase or lactate oxidase, respectively. Examples of

- interferent eliminating layers include a peroxidase enzyme crosslinked (a) using
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_ gluteraldehyde as a crosslinking agent or (b) oxidation of oligosaccharide groups in

the peroxidase glycoenzyme with NalO,, followed by coupling of the aldehydes .
formed to hydrazide groups in a polyacrylamide‘ matrix to form hydrazones are -
descnbe in U.S. Patents Nos. 5,262,305 and 5,356,786, incorporated herein by

rcference

Mass-'i‘ransport Limiting Layer . - _ .

A mass transport limiting layer 74 may be included with the sensor to act as
a diffusion-limiting barrier to reduce the rate of mass transport of the analyte, for
cxample glucose or Iactate, into lhe regxon around the workmg electrodes 58. By

llrmtmg the dxﬁ‘uslon of the analyte, the steady state concentration of the analyte i in -

" the proximity of the working electrode 58 (which is proportional to the concentration

of the analyte in the body or sample fluid) can be reduced. This extends the upper

. range of analyte concentrations that can still be accurately measured and may also -

expand the range in which the current increases approximately linearly with the level
of the analyte. . 2 | R

It is preferred that the permeability of the analyte through the film layer 74 -
vary little or not at all with temperature, s0.as to reduce or eliminate the variation of
current with temperature For this reason, it is preferred that in the biologi&ally
relevant temperature range from about 25°C to about 45°C, and most importantly
from 30°C to 40°C, neither the size of the pores in the film nor its hydration or ‘

PCT/US98/25685
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o swelling change excessively. Preferably, the mass transport limiting layer is made
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: using a film that absorbs less than 5 wt.% of fluid over 24 hours. This may reduce
- or obviate any need for a temperature probe. For 1mplantable sensors, it is

-preferable that the mass transport limiting layer is made using a film that absorbs

less than 5 wt.% of fluid over 24 hours at 37°C.
Particularly useful materials for the film layer 74 are membranes.that do not

swell in the analyte-containing fluid that the sensor tests. Suitable membranes:

- include 3 to 20,000 nm diameter pores. Membranes having 5 to 500 nm diameter

pores with well-defined, uniform pore sizes and high aépect ratios are preferred. In
one embodimeut the aspect ratio of the pores is preferably two or greater and more
preferably five or greater.

Well-deﬁned and uniform pores can be made by track etching a polymerxc

membrane using accelerated electrons, ions, or particles emitted by radioactive

| nuclei. Most preferred are anisotropic, polymeric, track etched membranes that

expand less in the direction perpendlcular to the pores than in the direction of the

~ pores when heated. Suitable polymeric membranes included polycarbonate

membranes from Poretics (Livermore, CA, catalog number 19401, 0.01 um pore

~size polycarbonate membrane) and Corning Costar Corp. (Cambridge, MA,
- Nucleopore™ brand membranes with 0.015 pm pore size). Other polyolefin and

polyester films may be used.. It is preferred that the permeability of the mass
transport limiting membrane changes no more than 4%, preferably, no.more than
3%, and, more preferably, no more than 2%, per °C in the range from 30°C to 40°C

o ~ when the membranes resides in the subcutaneous interstitial fluid.

25

30

" In some embodiments of the invention, the mass transport limiting layer 74

may also limit the flow of oxygén into the sensor 42. This can improve the stability

of sensors 42 that are used in situations where variation in the partial pressure of

" oxygen causes non-linearity in sensor response. In these embodiments; the mass

transport limiting layer 74 restricts oxygen transport by at least 40%, preferably at
least 60%, and more preferably at least 80%, than the membrane restricts transport. -
of the analyte. For a given type of polymer, films having a greater density (e.g., a
density closer to that of the Crystalline polymer) are preferred. Polyesters, such as
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polyethylene tétebhlhélate, are typically less permeable to oxygen and are, therefore,

preferred over polycarbonate mémbranes.

Anticlotting agent

" An implantable sensor may also, optionally, have an anticlotting agent
disposed on a portion the substrate which is implanted into a patient. This
anticlotting agent may reduce or ellmmate the clotting of blood or other body fluid
around the sensor, particularly after insertion of the sensor. Blood clots may foul
the sensor or meproduclbly reduce the amount of analyte which diffuses into the

SENsor. - Examples of useful anticlotting agents include heparin and tissixe

) plasminogen activator (TPA), as well as other known anticlotting agents,

The antxclottmg agent may be apphed to at least a portion of that part of the
sensor 42 that is to be implanted. The anticlotting agent may be apphed, for
eXample, by bath, spraying, Brushing, or dipping. The anticlotting agent is allowed
to dry on the sensor 4. "I'he anticlotting agent may be immobilized on the surface . .
of the sensor or it may be allowed to diffuse away from the sensor surface.
Typically, the quantities of anticlotting agent disposed on the sensor are far below
the amounts typically ﬁsed for treatment of medical conditions involving blood clots
and, therefore, have only a limited, localized effect.
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- Sensor Lifetime

The sensor 42 may be désigned to be a replaceable coniponeﬁfin an.in vivo
analyté monitor, and particularly in an implantable analyte monitor. Typically, the
sensor 42 is capable of operation over a period of days. Preferably, the period of
(')peratidn is at least one day, more preferably at Ieaét three days, and most preferably _
at least one week. The sensor 42 can then be removed and replaced with a new
sensor. The lifetimé of the sensor 42 may be reduced by the fouling of the
electrodes or by the leaching of the electron transfer agent or catalyst. These
limitations on the longevity of the sensor 42 can be overcome by the use of a
biocompatible layer 75 or non-leachable electron transfer agent and catalyst,
respectively, as described above.

Another primary limitation on the lifetime of the sensor 42 is the temperature

stability of the catalyst. Many catalysts are enzymes, which are very sensitive to-the
. ambient temperature and may degrade at temperatures of the patient’s body (e.g.,

approximately 37°C for the human body). Thus, robust enzymes should be used
where available. The sensor 42 should be replaced when a sufficient amount of the

enzyme has been deactivated to introduce an unacceptable amount of error in the

.measurements.

Insertion Device

. Aninsertion device 120 can be used to subcutanedusly insert the sensor 42
into the patient, as illustrated in Figure 12. The insertion device 120 is typically
formed using structurally rigid materials, such as metal or rigid plastic. Preferred

' inaterials include stainless steel and ABS (acrylonitrile-butadiene-styrene) plastic.

In some embodiments, the insertion device 120 is pointed and/or sharp at the tip 121

- ', - to facilitate penetration of the skin of the patient. A sharp, thin insertion device may

30

reduce pain felt by the patient upon insertion of the sensor 42. In other- .
embodiments, the tip 121 of the insertion device 120 has other shapes, including a
blunt or flat shape. These embodiments may be particularly useful when the
insertion device 120 does not penetrate the skin but rather §erves as a structural

support for the sensor 42 as the sensor 42 is pushed into the skin.
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~ The insertion device 120 may have a variety of cross-sectional shapes, as

. _ shown in Figures 13A, 13B, and 13C. The insertion device 120 illustrated in Figure
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1 JAisa flat, planar, pointéd strip of rigid material which may be attached or '

* otherwise coupled to the sensor 42 to ease insertion of the sensor 42 into the skin of

o the patient, as well as to provide structural support to the sensor 42 during insertion.

The insertion devices 120 of Figures 13B and 13C are U- or V-shaped implements .

. that support the sensor 42 to limit the amount that the sensor 42 may bend or bow

during insertion. The cross-sectional width 124 of the insertion devices 120 o

‘i_liusuated in Figures 13B and 13C is-typically 1 mm or less, preferably 700 pm 6r

less, more preferably 500 pm or less, and most prefer’ébly 300 pm or less. The

cross-sectional height 126 of the insertion device 120 illustrated in Figures 13B and
13C is typically about 1 rﬂm or less, preferably about 700 um or less, and more
preferably about 500 um or less.

The sensor 42 itself may include opﬁonai features to facilitate insertion. For
example, the sensor 42 may be pointed at the tip 123 to ease insertion, as illustrated
m Figure 12. Ih addition, the sensor 42 may include a b;:xrb 125 which helbs retain

'the. sensor 42 in the subcutaneous tissue of the patient. The barb 125 may also assist

in anchoring the sensor 42 within the subcutaneous tissue of the patient during
operation of the sensor 42. However, the barb 125 is typically small enough that

little damage is caused to the subcutaneous tissue when the sensor 42 is removed for

- replacement. . The sensor 42 may also include a notch 127 thatcan be used in .
_cooperation with a corresponding: structure (not shown) in the insertion device to

* apply pressure against the sensor 42 during insertion, but disengage as the insertion - - -

device 120 is removed. One example of such a structure in the insertion device isa

~ rod (not shown) between two opposing sides of an insertion device 120'and at an

appropriate height of the insertion device 120.-

In operation, the sensor 42 is placed within or next to the insertion device
120 and then a force is provided against the insertion device 120 and/or sensor 42 to
carry the sensor 42 into the skin of the patient. In one embodiment, the force is-
applied to the sensor 42 to push the sensor into the skin, while the insertion device
120 remains stationary and provides structural support to the sensor 42. |
Alternatively, the force is applied to the insertion device 120 and optionally to the
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sensor 42 to push a portion of both t}ie'se_n'sor 42 and the insertion device 120

through the skin of the patient and into the subcutaneous tissue. The insertion
device 120 is optionally pulled out of the skin and stlbcutaneous tissue with the .
sensor 42 remaining in the subcutaneous tissue due to frictional forces between the
sensor 42 and the patient’s tissue. If the sensor 42 includes the optional barb 125,
then thiﬁstructure may also facilitate the retetttion of the sensor 42 within the -
ioterstitial tissue as tlte barb catches in the tissue.

 The force applied to the i insertion device 120 and/or the sensor 42 may be

- applied manually or mechanically. Preferably, the sensor 42 is reproducibly inserted

through the skin of the patient. In one embodiment, an insertion gun is used to insert
the sensor. One example of an insertion gun 200 for inserting a sensor 42 is shown
in Figure 26. The insertion gun 200 includes a housing 202 and a carrier 204. The

insertion device 120 is typically mounted on the carrier 204 and the sensor 42 is pre-

* loaded into the insertion device 120. The carrier 204 drives the sensor 42 and,

optionally, the i msertlon device 120 into the skin of the patient using, for example, a
cocked or wound spring, a burst of compressed gas, an electromagnet repelled by a
second magnet, or the like, within the insertion gun 200. In some instances, for .
example, when using a spring, the carrier 204 and insertion device may be moved,
cocked, or otherwise prepared to be directed towards the skin of the patient.

_ After the sensor 42 is inserted, the insertion gun 200 may containa
mechamsm which pulls the insertion device 120 out of the skin of the patient. Such
a mechamsm may use a spring, electromagnet, or the lxke to remove the insertion

; dev1ce 120.

. The insertion gun may be reusable. The insertion device 120 is often

disposable to avoid the possibility of contamination. Altematively, the insertion -

device 120 may be sterilized and reused. In addition, the insertion dewce 120 and/or
the sensor 42 may be coated with an anticlotting agent to prevent foulmg of the
sensor 42. , e '

In one embodlment, the sensor 42 is injected between 2to 12mm mto the =
interstitial nssue of the patient for subcutaneous implantation.- Preferably, the sensor - .

is injected 3 to 9 mm, and more preferably 5.to 7 mm, into the interstitial tissue.

~ Other embodiments of the invention, may include sensors implanted in other
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A j)onioris of the patient, including, for exai_nple, in an artery, vein, or organ. The

depth of implantation varies depending on the desired implantation target. .
Although the sensor 42 may be inserted anywhere in the body, it is often

'+ desirable that the insertion site be positioned so that the on-skin sensor control unit .

. 44 can be concealed. In addition; it is often desirable that the insertion site be'at a

place on the body with a low density of nerve endings to reduce the_pain tothe

patient. Exampl’es of preferred sites for insertion of the sensor 42 and positioning of

thé on-skin sensor control unit 44 include the abdomen, thigh, leg, upper arm, and

- shoulder

An inseftiOn angle is measured from the.p]ane‘ of the skin (i.e., inserting the

sensor'perpendicular to the skin would be a 90° insertion angle). Insertion angles

usuaﬂy range from 10 to 90°, typically from 15 to 60°, and often from 30 to 45°,

On-skin Sensor Control Unit

The on-skin sensor contro] unit 44 is confi gured to be placed on the skinof a

. pauent The on-skin sensor control unit 44 is optionally formed in a shape that is

comfortable to the patient and which may permit concealment, for example, under a
patient’s clothing. The thigh, leg, upper arm, shoulder, or abdomen are convenient
parfs of the patient’s body for pla(:emént of the on-skin sensor control unit 44 to
maintain concealment. However, the on-sk_ih sensor.control uhit 44 may be
positioned on other portions of the patient’s body. One embodiment of the on‘-skip
sensor control unit 44. has a thin, oval shape to enhance concealment, as illustrated in

: Flgures 14-16. However, other shapes and sizes may be used.

- The partmular proﬁle, as well as the hexght, wxdth, length, wexght, and
volume of the on-skin sensor control unit 44 may vary and depends, at least in part,
on the components and associated functions included in the on-skin sensor control

unit 44, as discussed below. For example, in some embodiments, the on-skin sensor

" control unit 44 has a height of 1.3 cm or less, and preferably 0.7 cm or less: " In some

embodiments, the on-skin sensor control unit 44 has a weight of 90 grams or less,

preferably 45 grams or less, and more preferably 25 grams or less. In some

" embodiments, the on-skin sensor control unit 44 has a volume of about 15 cm’® or
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less preferably about 10 cm or less, more preferably about 5 cm’ or less and most

- preferably about 25 cm’ or less.

_ The on-skin sensor control unit 44 includes a housmg 45 as 1llustrated in
Figures 14-16. The housing 45 i is typically formed as a single integral unit that rests _
Ol;l_ the skin of the patient. The housing 45 typically contains most of all of the
electronic components, described below, of the on-skin sensor control unit 44, The:

on-skin sensor control unit 44 usually includes no additional cables or wires to other

. electronic components or other devices. If the housing includes two or more parts,

" then those parts typically fit together to form a single integral unit.
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The housing 45 of the on-skin sensor control unit 44, illustrated in Figures

_ 14-16, may be formed using a variety of materials, including, for example, plastic

and polymeric materials, particularly rigid thermoplastics and engineering
thermoplastics. Suitable materials include, for example, polyvinyl chloride,

polyethylene, polypropylene, polystyrene, ABS polymers, and copolymers thereof.

"The housmg 45 of the on-skin sensor control unit 44 may be formed usmg avariety

of techmques including, for example, injection molding, compression moldmg,
casting, and other molding methods. Hollow or recessed regions may be formed in
the housing 45 of the on-skin sensor control unit 44. The electronic components of
th_e on-skin sensor control unit 44, described below, and/or other items, such as a
battery or a speaker for an audii)le alarm, may be placed in the hollow or recessed
areas.

- In some embodxments conductlve contacts 80 are prov1ded on the exterior of

. the housing 45. In other embodlments the conductive contacts 80 are provided on

the interior of the housmg 45, for example, within a hollow or recessed reglon

- In some embodiments, the electronic components and/or other 1tems are
mcorporated into the housmg 45 of the on-skin sensor control unit 44 as the plastxe
or polymeric material is molded or otherwnse formed. In other embodiments, the

. electronic components and/or other items are incorporated into the housing 45 as the

rholded material is cooling or after the molded material has been reheated to make it
pliable. Alternatively, the electronic components and/or other items may be secured .
to t}_xe housing 45 using fasteners, such as screws, nuts and bolts; nails, staples,

rivets, and the like or adhesives, such as contact adhesives, pressure sensitive
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adhesives, glues, epoxies, adhesive resins, and the like. In some cases, the electronic
components and/or other items are not affixed to the housing 45 at all.

In some embodiments, the housing 45 of the on-skin sensor control. unit 44 is
a single piece. The conductive contacts 80 may be formed on the exterior of the
housing 45 or on the interior of the housing 45 provided there is a port 78 in the
housihg 45 through which the sensor 42 can be directed to access the conductive
contacts 8b. |

In other embodiments, the housing 45 of the on-skin sensor contro} unit 44 is

formed in at least two separate portions that fit together to form the housing 45, for

| example, a base 74 and a cover 76, as illustrated in Figures 14-16. The two or more

portxons of the housing 45 may be ennrely separate from each other. Altematlvely,

" at least some of the two or more portions of the housing 45 may be connected
~"“-together, for example, by a hmge, to facilitate the coupling of the portions to form
- the housing 45 of the on-skin sensor control unit 44.

These two or more separate portions of the housing 45 of the on-skin sensor
control unit 44 'ﬁlay have compiementary, interlocking structures, such as, for
example, interlocking ridges or a ridge on one component and a complementary
groove on another component, so that the two or more separate components may be

easily and/or firmly coupled together. This may be useful, particularly if the

_c'ompdnelits‘are taken apart and fit together occasionally, for example, whena .

- battery or sensor 42 is replaced. However, other fasteners may also be used to

couple the two or more components together, including, for example, screws, nuts-

. and bolts, nails, staples, rivets; or the like. In addition, adhesives, both permanent or

temporary, may be used mcludmg, for example, contact adheswes pressure sensitive

 adhesives, glues epoxies, adhesive resms, and the llke

Typically, the housing 45 is at least water resistant to prevent the flow of

fluids into contact with the components in the housing, including, for example, the.

- conductive contacts 80. Preferably, the housing is waterproof. In one émbodiment,

two or more components of the housing 45, for example, the base 74 and the cover
76, fit together tightly to form a hermetic, waterproof, or water resistant seal so that
fluids can not flow into the interior of the on-skin sensor control unit 44. This may

be useful to avoid corrosion currents and/or degradation of items within the on-skin
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_sensor control unit 44, such as the conducttve contacts, the battery, or the electromc

components parttcularly when the patxent engages in such activities as showenng,

bathtng, or swimming.

~ Water resistant, as used herein, means that there is no penetration of water
through a water resistant seal or housmg when immersed in water at a depth of one
meter at sea level. Waterproof, as used herein, means that there is no penetration of
water through the waterproof seal or housing when immersed in water at a depth of
ten meters, and preferably fifty meters, at sea level. It is often desirable that the

electronic circuitry, power supply (e.g;, battery), and conductive contacts of the on-

skin sensor control unit, as well as the contact pads of the sensor, are contained in a

water resistant, and preferably, a waterproof, environment.

| In addition to the portions of the housing 45, such as the base 74 and cover
76, there may be other individually-formed pieces of the on-skin sensor control unit
44, which may be assembled during or after manufacture. One example of an
individually—formed piece is a cover for electronic components that fits a recess in -

the base 74 or cover 76. Another example i is a cover fora battery provided in the

_base 74 or cover 76. These 1nd1v1dually-fonned pieces of the on-skin sensor control

unit 44 may be permanently affixed, such as, for example, a cover for electronic . A
components, or removably affixed, such as, for example, a removable cover fora
battery, to the base 74, cover 76, or other component of the on-skin sensor control
unit 44, Methods for affixing these individually-formed pieces include the use of
fasteners, such as screws, nuts and bolts staples, nails, rivets, and the like, frictional

fasteners, such as tongue and groove structures and adhesives, such as contact

adhesives, pressure sensitive adhesives, glues, epoxies, adhesive resins, and the hke;

One embodiment of the on-skin sensor control unit 44 is a disposable: unit
complete with a battery for operating the unit. There are no portions of the unit that
the patient needs to open or remove, thereby reducing the size of the unitand
simplifying its construction. The on-skin sensor control unit 44 optionally remains
in a sleep mode prior to use to conserve the battery's power. The on-skin sensor

control unit 44 detects that it is being used and activates itself. Detection of use may

. be through a number of mechanisms, These include, for example, detection of a

change in resistance across the electrical contacts, actuation of a switch upon mating

© PCT/US98/25685
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the on-skin sensor control unit 44 with a mountihg unit 77 (see F igui'es 27A and

28A). The on-skin sensor control unit 44 is typically replaced when it no longer
operates within threshold lmuts for example, if the battery or other power source
does not generate sufficient power. Often this embodiment of the on-skin sensor

control unit 44 has conductive contacts 80 on the exterior of the housing 45. Once

" the sensor 42 is implanted in th'e patient, the sensor control unit 44 is placed over the
sensor 42 w1th the conductlve contacts 80 in contact with the contact pads 49 of the

- sensor 42.

The on=skin sensor control unit 44 is typically attached to the skin 75 of the
patient, as illustrated in Figure 17. The on-skin sensor control unit 44 may be
attached by a variety of techniques including, for example, by adhering the on-skin

 sensor control unit 44 directly to the skin 75 of the patient with an adhesive provided

on at least a portion of the housing 45 of the on-skin sensor control unit 44 which
contacts the skin 75 or by sutunng the on-skin sensor control unit 44 to the skin’ 75
through suture opemngs (not shown) in the sensor control unit 44.

Another method of attaching the housing 45 of the on-skin sensor control

~ unit 44 to the skin 75 includes using a mounting unit, 77. The mounting unit 77 is -

often a part of the on-skin sensor control unit 44. One example of a suitable

mounting unit 77 is a double-sided adhesive strip, one side of which is adhered to'a -

surface of the skin of the patient and the other side is adhered to the on-skin sensor

control unit 44. In this embodiment, the mounting unit 77 may have an optional' :

opening 79 Wh“’h is large enough to allow i insertion of the sensor 42 through the o
: opening 79. Altemanvely, the sensor may be inserted through a thin adhesive and

into the skin. _
A variety of adhwives may be used to adhere the on-skin sensor cpﬁtrol unit

44 to the skin 75 of the patient, either directly or using the mounting unit 77,

including, for example; pressure sensitive adhesives (PSA) or contacf adhesives.

?referébly;" an adhesive is chosen which is not irritating to all or a méjority of )
patients for at least the period of time that 4 particular sensor 42 is implanted in the
patient. Alternatively, a second adhesive or other skin-protecting compound may be
included with the mounting unit so that a patient, whose skin is irritated by the -

adhesive on the mounﬁng unit 77, can cover his skin with the second adhesive or
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" other skin;protecting compound and fhen place the mounting unit 77 o_v'er the second'
 adhesive or other skin-protecting compound. This should substantially prevent the
| irritation of the skin of the panent because the adhesrve on the mountmg unit 77 is
no longer In contact with the skin, but is instead in contact with the second adhesive
5 or other skin-protecting compound. _ _ _

When the sensor 42 is change_d, the on-skin sensor control unit 44 may be
moved to a different position on the skin 75 of the patient, for example, to avoid
excessive irritation. Alternatively, the on-skin sensor control unit 44 may remain at
the same place on the skin of the panent until 1t is determined that the unit 44 should

10 be moved , ' ‘
Another embodrment of a mounting unit 77 used in an on-skm sensor control
_umt 44 is 1llustrated in Flgures 27A and 27B. The mounting unit 77 and a housing
* 45 of an on-skin sensor control unit 44 are mounted together in, for example, an
mterlockmg manner, as shown in Figure 27A. The mounting unit 77is formed, for
15 | example, using plastic or polymer materials, including, for example, polyvinyl
' 'chloride, polyethylene, polynrooylene polystyrene, ABS polymers, and copolymers
thereof. The mounting unit 77 may be formed using a variety of techniques
mcludmg, for example, injection molding, compressron moldmg, casting, and other
molding methods. '
20 The mounting unit 77 typically includes an adhesive on a Bottom surface of
the mountmg unit 77 to adhere to the skin of the patient or the mountmg unit 77 i is
.used in conjunction with, for example, double-srded adheswe tape or the like.- The
mountmg unit 77 typlcally includes an opening 79 through which the sensor 82is
. . inserted, as shown in Fxgure 27B. The mounting unit 77 may also include a support '
‘25 - structure 220 for holding the sensor 42 i in place and agamst the conductive contacts
| 80 on the on-skm sensor control unit 42. The mounting unit 77, also, opuonally,
mcludes a posmomng structure 222, such as an extension of material from the -
mounnng unit 77, that corresponds to a structure (not shown), such as an .opening,
on the sensor 42 to facilitate proper positioning of the sensor 42, for example, by
30 ) aligning the two complementary structures. '
* In another embodiment, a coupled mountmg unit 77 and housmg 45 of an

- on-skin sensor control unit 44 is provided on an adhesive patch 204 with an opnonal
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co--ver 206 to prdtect and/or confine the hoﬁsing 45 of the on-skin sensor control unit
44, as illustrated in Figure 28A. The optional cover may contain an adhesive or
other mechanism for attachment to the housing 45 and/or mountihg_ unit 77. "I‘he
mounting unit 77 typically includes an opening 49 through which a sensor 42 is
disposed, ‘as shown in Figure 28B. The opening 49 may optionally be conﬁgured to

- allow insertion of the sensor 42 through the opening 49 using an insertion device
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1?0 or insertion gun 200 (see Flgure 26). The housmg 45 of the on-skm sensor
control unit 44 has a base 74 and a cover 76, as illustrated in Figure 28C. A bottom
view of the housing 45, as shown in Figure 28D, illustrates ports 230 through which
conductive contacts (not Shown) >extehd to connect with contact padé on the sensor
42. A board 232 for attachment of circuit components may optionally be prov1ded
within the on-skin sensor control unit 44, as illustrated in Figure 28E.

- In some embodiments, the adhesive on the on-skin sensor control unit 44
and/or on 'an)" of the embodiments-of the mounting unit 77 is water resistant or
waterproof to permit -activities-such as showering and/or bathing while méintaining.
adherence of the on-skin sensor control unit 44 to the'skin 75 of the pétient and, at

least in some embodiments, preventing water from penetrating into the sensor

~control unit 44. The use of a water resistant or waterproof adhesive c‘ombined with a

- Wwater resistant or waterproof housing 45 protects the components in the sensor

control unit 44 and the contact between the conductive contacts 80 and the sensor 42

. from damage or corrosion. An example of a non-irritating adhesive that repels water

is Tegaderm (3M, St. Paul, MN). .
- . Inone embod;ment, the on-skin sensor control unit 44 includes a sensor port

78 fhrough which the sensor 42 enters the subcutaneous tissue of the paﬁeht, as

. shown in Figures 14 to 16. The sensor 42 may be inserted into the subcutaneous
- tissue of the patient through the sensor port 78. The on-skin’s-ens'or control unit 44

may then be placed on the skin of the patlent with the sensor 42 bemg threaded
through the sensor port 78. If the housing 45 of the sensor 42 has, for example, a
base 74 and a cover 76, then the cover 76 may be removed to allow the patient to
guide the sénsor 42 into the proper position for contact with the conductive contacts
80. ‘
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Alternatively, if the conductive contacts 80 are within the housing 45 the
patient may slide the sensor 42 into the housing 45 until contact is made between the
contact pads 49 and the conductive contacts 80. The sensor coritrol unit 44-may
have a structure which obstructs the sliding of the sensor 42 further into the housing
once the sensor 42 is properly posmoned w1th the contact pads 49 in contact with the
conductive contacts 80.

In ot.her embodlments, the conductive contacts 80 are on the extenor of the

“housing 45 (see e.g., Figures 27A-27B and 28A—28E) In these embodlments the

patient guides the contacts pads 49 of the sensor 42 into contact with the conductive

- contacts 80. In some cases, a guiding structure may be provided on the housing 45
A _which guidés the sensor 42 into the proper position. An example of such a structure

includes a set of guiding rails extending from the housmg 45 and having the shape of
the sensor 42.

~ Insome embodunents, when the sensor 42 is inserted using an insertion’
devnce 120 (see Figure 12), the tip of the insertion device 120 or optional insertion
gun 200 (see Figure 26) is positioned against the skin or the mounting unit 77 at the
desired insertion point. In some embodiments, the insertion device 120 is positioned
on the skin without any guide. In other embodiments, the ir;serﬁdn device 120 or
insertion gun 200 is positioned using guides (not shown) in the mbunting unit 77 or
other portion of the on-skin sensor control unit 44. In some embodiments, the
gmdes opening 79 in the mounting unit 77 and/or sensor port 78 in the housing 45
of the on-skin sensor control unit 44 have a shape which is complementary to the .

v'shape of the tip of the insertion device 120 and/or insertion gun 200 to limit the
K orientation of the insertion device 120 and/or insertion gun 200 relative to the °
o’peﬁing 79 and/or sensor port 78. The sensor can then be subcutaneously inserted
: into the patient by matching the complementary shape of the opening 79 or sensor

port 78 with the insertion device 120 and/or insertion gun 200. -
In some embodiments, the shapes of a) the gmdes, opening 79; or sensor port
78, and (b) the insertion device 120 or insertion gun 200 are configured such that the

two sHapes can only be matched in a single orientation. This aids in insértihg the

sensor 42 in the same orientation each time a new sensor is inserted into the patient.

This uniformity in insertion orientation may be required in some embodiments to
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 ensure that the contact pads 49 on the sensor 42 are cdrrectly aligned.with ‘

_appropriaie conductive contacts. 80 on the on-skin sensor control unit 44. In

additioﬂ, the use of the insertion gun, as described above, may ensure that the sensor

42 isinserted at a uniform, reproducible depth.

' The sensor 42 and the electronic components within the on-skin sensor A
control unit 44 are coupled via conductive contacts 80, as shown in Figures 14-16.
The one or rﬁore working electrodes 58, counter electrode 60 (or counter/reference
electrode), optional reference electrode 62, and optional temperature probe 66 are
attached to individual conductive contacts 80. In the illustrated embodiment of

- Figures 14-16, the conductive contacts 80 are provided on the interior of the on-skin

sensor control unit 44. Other embodiments of the on-skin sensor control unit 44
have the conductive contacts disposed on the exterior of the houéing 45. The
placement of the conductive contacts 80 is such that they are in contact with the
contact pads 49.on the sensor 42 when the sensor 42 is properly positioned within
the on-skin sensor control unit 44,

Inthe illustrated embodiment of Figures 14-16, the base 74 and cover 76 of

' ‘the pn-skm sensor control unit 44 are formed such that, when the sensor 42 is within

: the on-skin sensor control unit 44 and the base 74 and cover 76 are fitted together,

20
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the sensor 42 is bent. In this manner, the contact pads 49 on the sensor 42 are
brought into contact with the conductive contacts 80 of the on-skin sensor control

unit 44. The on-skin sensor control unit 44 may optionally contain a support -

. structure 82 to hold, support, and/or guide the sensor 42 into the corréct position.

Non-limiﬁng examples of suitable conductive contacts 80 are illustrated in
Figures 19A-19D. In one embodiment, the conductive contacts 80 are pins 84 or the

“like, as illustrated in Figure 19A, which are brought into contact with the contact

pads 49 on the sensor 42 when the components of the on-skin sensor control unit 44,
for example, the base 74 and cover 76, are fitted together. A support 82 may be
provided under the sensor 42 to promote- adequate contact between the contact pads
49 on the sensor 42 and the pins 84. The pins are typically made using a
conductive material, such as a metal or alloy, for example, copper, stainless steel, or
silver. Each pin has a distal end that extends from the on-skin sensor control unit 44

for contacting the contact pads 49 on the sensor 42. Each pin 84 also has a proximal
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end that is coupled to a wire or other con&uctive strip 'that is, in turn, coupled to the
rest of the electronic components (e.g., ihe voltage source 95 and measurément
circuit 96 of Flgures 18A and 18B) within the on-skin sensor control unit 44.
S Altematxvely, the pins 84 may be coupled dlrectly to the rest of the electromcs
5 " In another embodlment, the conductlve contacts 80 are foxmed asa series of
, 'conductmg reglons 88 with mterspersed insulating regions 90 as 1llustrated in
_ ‘Fxgure 19B. The conducting regions 88 may be as large or larger than the contact -
pads 49 on the sensor 42 to alleviate registration concerns. However, the insulating

regions 90 should have sufficient width so that a single conductive region 88 does

10 | not overlap with two contact pads 49 as determined based on the expected variation

in the position of the sensor 42 and contact pads 49 with respect to the conductive

contacts 80. The condﬁéting regions 88 are formed using materials such as rrietals,

alloys, or conductive carbon. The insulating regions 90 may be formed using known

insulating materials including, for example, insulating plastic or polymer materials.
15 In a further embodiment, a unidirectional conducting adhesive 92 may be

used between the contact pads 49 on the sensor 42 and conductive contacts 80

- implanted or otherwise formed in the o’n-sidn senSor_ control unit 44, as shown in
Figure 19C. '

In yet another embodiment, the conductive contacts 80 are conductive - e

20 . members 94 that extend from a sm'fa'ce of the'on-skiri sensor control unit 44 to

contact the contact pads 49, as shown in Fi igure 19D. A variety of different shapes |
may be used for these members, however, they should be: electncally insulated from -
-~ each other. The conductive members 94 may be made using metal, alloy,

conductive carbon, or conducting plastics and polymers.

25 o Any of the exemplary conductive contacts 80 described above may extend
from e1ther the upper surface of the interior of the on-skin sensor control unit 44 as
1llustrated in Figure 19A-19C, or from the lower surface of the interior of the on- :
skin sensor control unit 44, as illustrated in Flgure 19D, or from both the upper and

lower surfaces of the interior of the on-skin sen,soi'jcontrol unit 44, particularly when

30 the sensor 42 has contact pads 49 on both sides of the sensor.

Conducnve contacts 80 on the exterior of the housmg 45 may also have a

- variety of shapes as indicated in Figures 19E and 19F. For example, the conductxve
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. contacts 80 may be embedded in (Figure 19E) or extendmg out of (Fxgure 19F) the

- housmg 45,
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". The conductive contacts 80 are preferably made uéing a material which will
not corr'ode due to contact with the contact pads 49 of the sensor 42. Corrosion may
occur when two different metals are brought in contact. Thus, if the contact pads 49
are formed using carbon then the preferred conductive contacts 80 may be made

using any material, including metals or alloys. However, if any of the contact pads

- 49 are made with a metal or alloy then the preferred conductive contacts 80 for

coupling with the metallic contact pads are made- using a non-metallic conductive:
material, such as conductive carbon ora conductive polymer, or the conductive
contacts 80 and the contact pads 49 are separated by a non-metallic material, such as
a umdnrectlonal conductive adhesive. '

In one embodiment, electnca] contacts are eliminated between the sensor 42

. and the on-skin sensor control unit 44. Power is transmitted to the sensor via

inductive coupling, using, for example, closely space antennas (e.g., facing conls) '

. (not shown) on the sensor and the on-skin sensor control unit. Changes in the

electrical characteristics of the sensor control unit 44 (e.g., current) induce a
changing magnetic field in the proximity of the antenna. The changing magnetic
field induces a current in the antertna of the sensor. The close proximity of the |
sensor and on-skin sensor control unit results in reasonably efficient power
transmission. The induced current'in the sensor may be used to power potentiostats,

operationaltampliﬁers. capacitois; integrated circuits, transmitters, and other

~ electronic components built into the sensor structure. Data is transmitted back to the

sensor control tmit, us_ing, for example, inductive coupling via the same or different
antennas and/or transmission of the signal via a transmitter on the sensor. The use of

inductive coupling can eliminate electrical contacts between the sensor and the on-

 skin sensor control unit. Such contacts are commonly a source of noise and failure.

Moreover, the sensor control unit may then be entirely sealed which may increase
the waterproof ng of the on-skin sensor control unit.

" An exemplary on-skin sensor control unit 44 can be prepared and used in the -
following manner. A mounting unit 77 having adhesive on the bottom is applied to

the skin. An insertion gun 200 (see Figure 26) carrying the sensor 42 and the
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insertion device 120 is positioned against the mounting unit 77. The insertion gun | _
200 and mounting unit 77 are optionally designed such that there is only one’

position in which the two properly mate. The insertion gun 200 isactivatedanda

| portion of the sensor 42 and optlonally a portion of the insertion device 120 are

driven through the skin into, for example, the subcutaneous tissue. The insertion .

gun 200 withdraws the insertion device 200, leaving the portion of the sensor 42

mserted through the skin. The housing 45 of the on-skin control unit 44 is then -

' coupled to the mounting unit 77. Optlonally, the housing 45 and the mounting unit

77 are formed such that there is only one position in which the two properly mate.
The mating of the housing 45 and the mounting unit 77 establishes contact between
the contact pads 49 (see e.g., Figure 2) on the sensor 42 and the conductive contacts
80 on the on-skin sensor control unit 44. Optionally, this action activates the on-

skin sensor control unit 44 to begin opei‘atio'n.

On-Skin Control Unit Electronics B .

The on-skin sensor control unit 44 also typically includes at leﬁst a portion of
the electronic' components that operate the sensor 42 and the analyte monitoring
device system 40. One embodiment of the electromcs in the on-skin control unit 44

. is illustrated as a block dlagram in Figure 18A. The electronic components of the
20

on-skin sensor control unit 44 typically include a power supply 95 for operating the
on-skin control unit 44 and the sensor 42, a sensor circuit 97 for obtaining signals
from and operating the sensor 42, a measurement circuit 96 that convets sensor ]

signals to a desired format, and a processing circuit 109 that, at minimum, obtains

signals from the sensor circuit 97 and/or measurement circuit 96 and provides the

signals to an optional transmitter 98. In some embbdiments, the processing circuit
109 may also partially or completely evaluate the signals from the sensor 42 and.

~-convey the resulting data to the optional transmnter 98 and/or activate an optional

alarm system 94 (see Figure 18B) if the analyte level exceeds a threshold The

processing circuit 109 often includes digital logic circuitry.
| The on-skin sensor control unit 44 may-optionally contain a transmitter 98

for transmitting the sensor signals or processed data from the processing circuit 109

- to areceiver/display unit 46, 48; a data storage unit 102 for temporarily or

PCT/US98/25685
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permanently storing data from the processing circuit 109; a temperature probe circuit

99 for receiving signals from and operating a temperature probe 66; a reference

_ voltage generator 101 for providing a reference voltage for comparison with sensor-

generated signals; and/or a watchdog circuit 103 that monitors the operation of the
electronic components in the on-skin sensor control unit 44. _
Moreover, the sensor control unit 44 often includes digital and/or analog -

components utilizing semiconductor devices, such as transistors. To operate these

- semiconductor devices, the on-skin control unit 44 may include other components

- » including, for example, a bias control generator 105 to correctly bias analog and

digital semiconductor deﬁces} an oscillater 107 to provide a clock signal, and a

- digital logic and timing component 109 to provide timing signals and logic

‘operations for the digital components of the circuit.

- As an example of the operation of these componerlts, the senser circuit 97
and the optional temperature probe circuit 99 provide raw signals from the sensor 42

to the measurement circuit 96. The measurement circuit 96 converts the raw signals

~ to a desired format, using for example, a cunent-fo-voltage converter, current-to-

frequency converter, and/or a binary counter or other indicator that produces a signal
proportional to the absolute value of the raw Slgrlal. This may be used, for example,

- to convert the raw signal to a format that can be used by digital logic circuits. The

processing circuit 109 may then, optionally, evaluate the data and provide

,commands to operate the electronics.

Frgure 18B illustrates a block dxagram of another exemplary on-skm control

» umt 44 that also includes optional components such as a receiver 99 to receive, for
i example. callbranon data; a callbranon storage unit 100 to hold, for example, o
: factory-set calibration data, calrbratlon data obtained via the receiver 99 and/or

‘other external device; an alarm system 104 for warning the patient; and a

deactivation switch 111 to turn off the alarm system. L
Functions of the analyte monitoring system 40 and the sensor control unit 44

may be implemented using either software routines, hardware components, or ’

combinations thereof. The hardware components may be implemented using a f.

variety of technologies. including, for example, integrated circuits or discrete
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electronic components. The use of integrated circuits typically reduces the size of

| the electronics, which in tum may result in a smaller on-skin sensor control. unit 44,

The electronics in the on-skin sensor control unit 44 and the sensor 42 are

B operated usmg a power supply 95. One example of a suitable power supply 95 is a

battery, for example, a thin circular battery, such as those used in many watches,

hearing aids, and other small electronic devices. Preferably, the battery has a

lifetime: of at least 30 days, more preferably, a lifetime of at least three months, and
most preferably, a lifetime of at least one year. The battery is often one of the
largest components in the on-skm control unit 44, so it is often desrrable to minimize
the size of the battery. For example, a preferred battery's thickness is 0.5 mm or
less, preferably 0.35 mm or less, and most preferably 0.2 mm or less. Although
multiple batteries may be used, it is typically preferred to use only one battery. -

The sensor circuit 97 is coupled via the conductive contacts 80 of the sensor

- conlrol unit 44 to one or more sensors 42 42°. Each of the sensors represents at

muumum a working electrode 58,a counter electrode 60 (or counter/reference

' electrode) and an optional reference electrode 62. When two or more sensors 42,

42 are used, the sensors typtcally have mdmdual working electrodes 58, but may
share a counter electrode 60, counter/reference electrode, and/or reference electrode ’
- 52.

* The sensor circuit 97 receives signals from and operates the sensor 42 or

sensors 42,42°, The sensor circuit 97 may obtain signals from the sensor 42 using

~ amperometric, coulometric, potentiometric, voltammetric, and/or other

_electrochemical technithes. The sensor circuit 97 is exemplified herein as obtaining

amperometric signals from the sensor 42, however, it will be understood that the

- sensor circuit can be appropriately configured for obtaining signals using other

electrochemical techniques. To obtain amperometric measurements, the sensor

circuit 97 typically includes a potentiostat that provides a constant potential to the -

sensor 42. In other embodiments, the sensor circuit 97 includes an amperostat that

- supplies a constant current to the sensor 42 and can be used to obtain coulometnc or

potentiometric measurements
The signal from the sensor 42 generally has at least one characteristic, such

as, for example, current. voltage, or frequency, wlnch varies with the concentration
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of the analyte. For exémple,_ if the sensor circuit 97 operates using amperometry,

then the signal current varies with analyte concentration. The measurement circuit

96 may include circuitry which converts the information-carrying portion of the

~ signal from one characteristic to another. For example, the measurement circuit 96
~_may include a current-to-voltage or current-to-frequency converter. The purpose of

-this conversion may be to prowde a sxgna] that is, for example, more easily

transmlttcd readable by digital circuits, and/or less susceptible to noise

’ contnbutlons

One example of a-standard cun'ent-to-voltage converter is provxded in Flgure ‘
20A. In this converter, the signal from the sensor 42 is provided at one input
terminal 134 of an operational amplifier 130 (“op amp™) and coupled through a
resistor 138 to an output terminal 136. This phrticular current-to-voltage converter
131 may, however, be difficult to implement in a small CMOS chip because -
resistors are ofteri difficult to implement on an integrated circuit. Typically, discrete
res:stor components are used. However, the used of discrete components increases
the space needed for the clrcum-y

An alternative current-to-voltage converter 141 is illustrated i in Figure 20B.

. This converter includes an op amp 140 with the signal from the sensor 42 provxded

at input terminal 144 and a reference potential provided at input terminal 142. A
c‘apacitor 145 is placéd between the input terminal 144 and the output terminal 146.
In addition, switches 147a, 147b, 149a, and 149b are provided to allow the capacitor -

. to charge and discharge at a rate determined by a clock (CLK) frequency. In
- operation, during one half cycle, switches 147a and 147b close and switches 149a

and 149b open allowing the capacitor 145 to charge due to the attached potentlal V1.
During the other half cycle, switches 147a and 147b open and swntches 149a and _
149b close to ground and allow the capacitor 145 to partially or fully dxscharge The =
reactive lmpedance of the capacitor 145 is analogous to the resistance of the resistor
138 (see Figure 20A), allowing the capacitor 145 to emulate a resistor. The value of
this "resistor” depends on the capacitance of the capacitor 145 and the clock ‘
frequency. By altering the clock frequency, the reactive impedance (“resistance
value”) of the capacitor changes. The value of the impedance ("resistance™) of the
capacitor 145 may be altered by changing the clock frequency. Switches 147a,
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147b, l49a, and 149b may be 1mplemented ina CMOS Chlp using, for example

» tran51stors .

A current-to-frequency converter may also be used in the measurement -
circuit 96. One suitable eurrent-to-frequency converter includes charging a capacitor
using the signal from the sensor 42.. When the potential across the capacitor exceeds
a threshold value, the capacitor is allowed to discharge. Thus, the larger the current
from the sensor 42, the quicker the threshold potential is achieved. This results in a

signal across the capacitor that has an alternating charactenstlc correspondmg to the

: chargmg and dlschargmg of the capacitor, having a frequency Wthh increases with

an increase in current from the sensor 42.
In some embodiments, the analyte monitoring system 40 includes two or

more working electrodes 58 distributed over one or more sensors 42. These working

electrodes 58 may be used for quality control purposes. For example, the output
- signals and/or analyzed data derived using the two or more working electrodes 58
-may be compared to determine if the signals from the working electrodes agree

within a desired level of tolerance. If the output signals do not agree, then the -

- patient may be alerted to replace the sensor or sensors. In some embodiments, the

patient is alerted only if the lack of agreement between the two sensors persists for a
predetermined period of time. The comparison of the two signals may be made for

each measurement or at regular intervals. Alternatively or additionally, the

" comparison may be initiated by the patient or another person. Moreover, the signals

from both sensors may be used to generate data or one signal may be discarded after

" the comparison.

25

30

_ Altemanvely, if,_fdr example, two WOrkihg electrodes 58 have a con_nhon ’

counter electrode 60 and the analyte concentration is measured by amperometry,

then the current at the counter electrode 60 should be twice the current at each of the

“working electrodes, within a predetermined tolerance level, if the workmg electrodes

are operating properly If not, then the sensor or sensors should be replaced, as

described above. , - _
An example of using signals from only one working electrode for quality
control includes comparing consecutive readings obtained using the single working

electrode to determine if they differ by more than a threshold level. If the difference
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is greater than the ﬂreshold level for one readiﬂg or over a period of time or fbr a
predetermihed number of readings within a period of time then the patient is alerted
to replace the sensor 42. Typically, the consecutive readings and/or the threshold

: level are determmed such that all expected excursions of the sensor signal are thhm

. the desired parameters (1 e, the sensor control unit 44 does not consider true changes

in analyte concentration to be a sensor failure).

~ The sensor control unit 44 may also optlonally include a tempeérature probe

~ circuit 99. The temperature probe circuit 99 provxdes a constant current through (or

constant potential) across the temperature probe 66. The resulting potential (or
current) varies according to the resistance of the temperature dependent element 72.

~ The output from the sensor circuit 97 and optional temperature probe circuit

is coupled into a measurement circuit 96 that obtains signals from the sensor circuit

97 and optional temperature probe circuit 99 and, at least in some embodimen'ts,A

provides output data in a form that, for example can be read by digital circuits. The

signals from the measurement circuit 96 are sent to the processing circuit 109, which -

in turn may provide data to an optional transmitter 98. The processing circuit 109

may have one or more of the following functions: 1) transfer the signals from the

. measurement circuit 96 to the transmitter 98, 2) transfer signals from the

. measurement circuit 96 to the data storage circuit 102, 3) convert the information- |

carrying characteristic of the signals from one characteristic to another (when, for -

example, that has not been done by the measurement circuit 96), using, for example,

* acurrent-to-voltage converter, a current-to-frequency converter, or a voltage-to-

~ current converter, 4) mddify the signals from the sensor circuit 97 using calibration

data and/or output from the temperature probe circuit 99, 5) determine a level of an
analyte in the interstitial fluid, 6) determine a level of an analyte in the bloodstream
based on the sensor signals obtained from interstitial fluid, 7) determine if the level,

rate of change, and/or acceleration in the rate of change of the analyte e_ig‘céeds or. .

* meets one or more threshold values, 8) activate an alarm if a threshold value is met

or exceeded, 9) evaluate trends in the level of an analyte based on a series of sensor
signals, 10) determine a dose of a medication, and 11) reduce noise and/or errors,
for example, through signal averaging or comparing readmgs from multiple working
electrodes 58.
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The processing circuit 109 may be simple and perform only one or a small

number of these functions or the processing circuit 109 may be more sophisticated

~and perform all or most of these functions. The size of the on-skin sensor control

umt 44 may increase with the i increasing number of functions and complexny of

_ those functions that the processing circuit 109 perfonns Many of these ﬁmctlons

may not be performed by a processing circuit 109 in the on-skin sensor control urnt

44 , but may be performed by another analyzer 152 in the recelver/dtsplay umts 46

. 48 (see Figure 22).

One embodtment of the measurement circuit 96 and/or processmg circuit 109

provrdes as output data, the current ﬂowmg between the workmg electrode 58 and

" the counter electrode 60. The measurement cxrcmt 96 and/or processing circuit 109

may also provide as output data a signal from the optional temperature probe 66

~ which indicates the temperature of the sensor 42. This signal from the temperature

probe 66 may be as simple as a current through the temperature probe 66 or the :

processing circuit 109 may mclude a device that determines a resrstance of the

temperature probe 66 from the signal obtained from the measurement circuit 96 for
correlation with the temperature of the senso'r 42 The output data may then be sent
to a transmitter 98 that then transmits thts data to at least one reeetver/dxsplay device

| 46,48.

Retummg to the processmg circuit 109, in some embodxments processmg

-~ circuit 109 is more sophisticated and is capable of determrmng the analyte :
- concentratlon Or some measure representauve of the analyte concentratron, suchasa
. current or voltage value. The processmg ctrcurt 109 may incorporate the signal of
~ the temperature probe to make a temperature correct:on in the signal or analyzed
.’ data from the working electrode 58. This may include, for example, scaling the

temperature probe measurement and adding or subtractmg the scaled measurement
to the srgnal or analyzed data from the working electrode 58. The processmg circuit
109 may also incorporate calibration data which has been received from an external
source or has been incorporated into the processing circuit 109, both of which are
described below, to correct the signal or.analyzed data from the working electrode
58. Additionally, the processing circuit 109 may include a correction algorithm for

- converting interstitial analyte level to blood analyte level. The conversion of g

e
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o mterstmal analyte level to blood analyte level is descnbed, for example in

Schrmdtke et al., "Measurement and Modeling of the Transient Dlﬁ’erence Between

Blood and Subcutaneous Glucose Concentrations in the Rat after Injection of

- Insulin”, Proc. of the Nat'l Acad. of Science 95, 294-299 (1998) and Quinn, et al.,
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' Klnetrcs of Glucose Delivery to Subcutaneous Trssue in Rats Measured with -

0:3mm Amperometrxc Mlcrosensors" Am; J Physrol 269 (Endocrmol Metab 32),
E155-El61 (1995) incorporated herein by reference ’

In some embodiments, the data from the processing circuit 109 is analyzed
and directed to an alarm system 94 (see Figure 18B) to warn the user. In at least
some of these embodiments, a transmitter is not used as the sensor contro! unit

performs a]l of the needed functions including analyzing the data and’ warmng the

‘ patrent

However in many embodunents the data (e.g., a current signal, a converted

- - voltage or frequency signal, or fully or pamally analyzed data) from processing
15

circuit 109 is transmitted to one or more receiver/display units 46, 48 using a
transmitter 98 in the on-skin sensor control unit 44. The transmitter has an antenna'
93, such as-a wire or similar conductor, formed in the housing 45. The transmitter -
98 ia typically 'designed to transmit a'signal up to about 2 meters or more, preferably
up to about 5 meters or ‘more, and more preferably up to about 10 meters or more
when transmitting to a small receiver/display unit 46, such as a palm-size, belt-wom
receiver. The effective range is longer when transmitting to a unit with a better »
antenna,- sueh as a bedside receiver. As described in detail below, stxitable examples
of receiver/display units 46, 48 include units that can be easily worn or carried or
units that can be placed convemently on, for example, a mghtstand when the pauent
is sleeping. - ' )

' .The transmrtter 98 may send a- vanety of different signals to the _
recelver/dxsplay units 46,48, typrcally, dependmg on the sophlstlcatton of the '_
processxng circuit 109. For example, the processing circuit 109 may simply provrde
raw signals, for example, currents from the working electrodes 58, without any
corrections for temperature or calibration, or the processing circuit 109 may provide
converted signals which are obtained, for exa'mple,. using a current-to-voltage

converter 131 or 141 or a current-to-frequency converter. The raw measurements or
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converted signals may then be processed by an analyzer 152 (see Figure 22) in the

receiver/display units 46, 48 to determine the level of an analyte, optionally- usmg

. temperature and calibration corrections. In another embodiment, the processing

circuit 109 corrects the raw ‘measurements usmg, for example, temperature and/or

' cahbratxon information and then the transmitter 98 sends the corrected signal, and
" optionally, the temperature and/or calibration information, to the receiver/display

units 46, 48. In yet another embodiment, the processing circuit 109 calculates the

analyte level in the interstitial fluid and/or in the blood (based on the interstitial fluid

 level) and transmits that information to the one or more receiver/display units 46, 48,

optionally with any of the raw data and/or calibration or temperature information. In
a further embodiment, the processing circuit 109 calculates the analyte |
concentration, but the transmitter 98 transmits only the raw measurements
converted 31gnals. and/or corrected signals.

~ One potential difficulty that may be experienced with the on-skin sensor
control unit 44 is a change in the transmission frequency of the transmitter 98 over
time. To overcome this potential difficulty, the transmitter may include optional

circuitry that can return the frequency of the transmitter 98 to the desired frequency

or frequency band. One example of suitable circuitry is illustrated in Figure 21 as a

~ block diagram of an open loop modulatiqn system 200. The open loop modulation
. system 200 includes a phase detector (PD) 210, a charge pump (CHGPMP) 212, a

loop filter (L.F.) 214, a voltage controlled oscillator (V: CO) 216, and adivide by M

- circuit (+M) 218 to form the phase-locked loop 220. -

The analyte momtormg device 40 uses an open loop modulanon system 200
fof RF communication between the transmitter 98 and areceiver of, for example, the .
one or more receiver/display units 46, 48. This open loop modulatlon system 230is -
designed to provide a high reliability RF link between a transmitter and its '
assocxated recewer The system employs frequency modulation (FM), and locks the
carrier center frequency using a conventional phase-locked loop (PLL) 220. In
operatlon, the phase-locked loop 220.is opened prior to the modulation. Durmg the
modulatan the phase-locked loop 220 remains open for as long as the center

frequency of the transmitter is within the recejver’s bandwidth. When the

- transmitter detects that the center frequency is going to move outside of the receiver
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bandwidth, the receiver is signaled to stand by while the center fre'qu'en'cy- is
capiufed Subsequent to the capture, the transmission will resume. This cycle of
captunng the center frequency, opemng the phase-locked loop 220, modulation, and
recaptunng the center frequency will repeat for as many cycles as requued

- The loop control 240 detects the lock condition of the phase-locked loop 220

‘and is responsible for closing and opening the phase-locked loop 220. The totalizer

250 in conjunction with the loop control 240, detects the status of the center -

frequency The modulation control 230 is respons:ble for generating the modulating

: s1gna1 A 'transmit amplifier 260 is prowded to ensure adequate txansmxt signal

power. The reference frequency is generated from a very stable sngnal source (not

N shown), and is divided down by N through the divide by N block (+N) 270. Data

and control signals are received by the open loop modulation system 200 via the
DATA BUS 280, and the CONTROL BUS 290.

~ The operation of the open loop modulation system 200'begins with the
phase-locked loop 220 in closed condition. When the lock condition isAdetected by
the loop control 240, the phase-locked loop 220 is opened and the modulation
control 230 begins generating the modulating signal. The totalizer 250 monitors the
VCO frequency (divided by M), for programmed intervals. The monitored
frequency is compared -to a threshold programmed in the totalizer 250. This
threshold corresponds to the 3dB cut off frequencws of the receiver's intermediate
frequency stage.” When the monitored frequency approaches the thresholds, the -
loop control 240 is notified and a stand-by code is transmitted to the receiver and the
phase-locked loop 220 is closed. N

At this point the receiver is in the wait mode. The loop c'ontrol- 240 ih the

transmmer closes the phase-locked loop 220. Then, modulation control 230 is taken
off line, the monitored value of the totalizer 250 is reset, and the phase-locked loop
220 is locked. When the loop control 240 detects a lock eondmon, the loop control_
240 ooens the phase-locked loop 'é20, the modulation control 230 is brought on line
and the data transmission to the receiver will resume until the centér frequency of
the phase-locked loop 220 approaches the threshold values, at which point the cycle
of transmitting the stand-by code begins. The +N 270 and +M 218 block set the
frequency channel of the transmitter.

" PCT/US98/25685
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Accordmgly, the open loop modulation system 200 provides a rehable fow

. power FM data transmission for an analyte monitoring system. The open loop

‘ nmodulation system 200 provides a method of wide band ﬁ'equency modulation,

~ while the center frequency of the carrier is kept within recezver bandwidth. The -

effect of parasitic capacltors and inductors pulling the center frequency of the

 transmitter is corrected by the phase-locked loop 220. Further, the totalizer 250 and '

loop control 240 provide a new method of center frequency drift detection. Finally,
the open loop modulation system 200 is easily implemented in CMOS process.
The rate at which the transmitter 98 transmits data may be the same rate.at

- which the sensor circuit 97 obtains signals and/or the processing circuit 109 provides
data or signals to the transmitter 98. Altemativély,-the transmitter 98 may transmit
data at a slower rate. In this case, the transmitter 98 may transmit more than one
datapoint in each tranﬁmission. Alternatively, onl'y one datapoint may be sent thh
each data txansrriission, the remaining data not being trénsmittedf Typically, data is
transmitted to the receiver/disﬁlay unit 46, 48 at least every hour, preferably, at least -
every fifteen minutes, more preferably, at least every five minutes, and most

‘preferably, at least every one minute. However, other data transmission rates may

. beused. Insome. embodiments, the processmg circuit 109 and/or transmltter 98 are

conﬁgured to process and/or transmit data at a faster rate when a condmon is
: mdxcated for example, a low level or high level of analyte or impending low or high

“level of analyte. In these embodiments, the accelerated data transmission rate is

: tvpxcally at least every five minutes and preferably at least every minute.

_ _ Inaddition to a transmitter 98, an optional receiver 99 may be mcluded in the
on-skin sensor control unit 44. In some cases, the transmitter 98 is a h'ansceiver

operatmg as both a transmitter and a receiver. The receiver 99 may be used to-

. recexve calibration data for the sensor 42. The calibration data may be used by the
- processing circuit 109 to correct sxgnals from the sensor 42. ‘This calibration data -
‘ may be transmitted by the receiver/display unit 46, 48 or from some other source .

such as a control unit in‘a doctor’s office. In addition, the optional receiver 99 may
be used to receive a signal from the receiver/display units 46, 48, as. described above,

to direct the transmitter 98, for example, to change frequencies or frequency bands, -
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to activate or deactivate t};e optional alarm system 94 (as described below), and/or to
direct the transmitter 98 to transmit at a higher rate. _

Calibration data may be obtained in a variety of ways. Fof instance, the-
calibration data may simply be factory-determined calibration measurements which
can be input into the on-skin sensor control unit 44 using the receiver 99 or may

altematively be stored in a calibration data storage unit 100 within the on-skin

sensor control unit 44 itself (in which case a receiver 99 may not be needed). The

calibration data storage hnit 100 may be, for example, a r_eadeble or

' readablc/wnteable memory circuit.

Alternative or additional calibration data may be provxded based on tests
performed by a doctor or some other professional or by the patient vhlmself. F or
example, it is common for diabetic individuals to determine their own blood glucose

concentration using commercially available testing kits.” The results of this test is

‘input into the on-skin sensor control unit 44 eith_er directly, if an appropriate input

device (e.g., a keypad, -an~optical signal receiver, or a port for connection to a keypad

_or compute'r) is incorporated in the on-skin sensor control unit 44, or indirectly by

mputtmg the calibration data into the receiver/display unit 46 48 and transmxttmg
the calibration data to the on-skin sensor control unit 44,

Other methods of independently detenmmng analyte levels may also be used -
to obtain callbratlon data. This type of calibration data may supplant or supplement

. factory-determined cahbratxon values. B R

25

30

In some embodunents of the mventlon, calibration data may be requlred at

periodic mtervals, for example, every eight hours, once a day, or once a week, to-

" confirm that accurate analyte levels are being reported. Calibration may also be

required each time a new sensor 42 is implanted or if the sensor exceeds a threshqld
minimum or maximum value or if the rate of ehange in the sensor signal exceeds a

threshold value. In some cases, it may be necessary to wait a period of time after the; o

- implantation of the sensor 42 before calibrating to allow the sensor 42 to achieve

equilibrium. In some embodiments, the sensor 42 is calibrated only after it has been
inserted. .In other embodiments, no calibration of the sensor 42 is needed.
The on-skin sensor control unit 44 and/or a receiver/display unit 46, 48 may

include an auditory or visual indicator that calibration data is needed, based, for

PCT/US98/25685
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example, on a predetermined periodic time interval between calibrations or on the

implantation of a new sensor 42. The on-skin sensor control unit 44 and/or receiver

display/units 46, 48 may also include an auditory or visual indicator to remind the
patient that information, such as analyte levels, reported by the analyte monitoring

device 40, may not be accurate because a calibration of the sensor 42 has not been

performed within the predetermined periodic time interval and/or after implantation

of a new sensor 42 ,

The processmg circuit 109 of the on-skin sensor control unit 44 and/or an
analyzer 152 of the recexver/dxsplay unit 46, 48 may determine when calibration data
is needed and if the calibration data is acceptable. The on-skin sensor control unit
44 may optionally be configured to not allow calibration or to reject a callbratron '

pomt if, for example, 1) a temperature readmg from the temperature probe indicates

a temperature that is not within a predetermined acceptable range (e.g., 30 to 42 °C

~ . or 32 to 40 °C) or that is changing rapidly (for example, 0.2 °C/minute, 0.5 -
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°C/o1inute, or 0.7°C/minute or greater); 2) two or more working electrodes 58
provide uncalibrated signals that are not within a predetermined range(e.g., within

- 10% or 20%) of each other; 3) the rate of change of the uncalibrated signal is above

a threshold rate (e.g., 0.25 mg/dL per minute or 0.5 mg/dL per minute or greater); 4)
the uncalibrated signal exceeds a threshold maximum value (eg. 5, 10, 20, or 40
nA) or is below a threshold minimum value (e.g., 0.05, 0.2, 0.5, or 1 nA); 5) the

calibrated mgnal exceeds a threshold maximum value (eg;a sngnal correspondmg to

. an analyte concentration of 200 mg/dL 250 mg/dL, or 300- mg/dL) or is below a

threshold mxmmum value (e.g., a signal corresponding to an analyte concentration of
50 mg/dL, 65 mg/dL, or 80 mg/dL); and/or 6) an insufficient among of time has

elapsed since implantatioo (e.g., 10 minutes or less, 20 minutes or less, or 30

'mmutes or less). .

'Ihe processmg cnrcult 109 or an analyzer 152 may also request another

' callbrauon point if the values determined using the sensor data before and after the
. latest calibration disagree by more than a threshold amount, indicating that the

calibration may be incorrect or that the sensor characteristics have changed radically
between calibrations. This additional calibration point may indicate the source of-

the difference. -
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The on-skin sensor control unit 44 may include an optional data stofage unit

: IYOZ which may be used to hold data (e.g., measurements from the sensor or
. procéssed data) from the processing circuit 109 permanently or, more typically, -

_ temporarily. The data storage unit 102 may hold data so that the data can be used by

the processing circuit 109 to analyze and/or predict trends in the analyte level

including, for example, the rate and/or acceleration of analyte level i mcrease or

decrease. The data storage unit 102 may also or alternatively be used to store data

4 during periods in which a receiver/display unit 46, 48 is not within range. The data .

storage unit 102 may also be used to store data when the transmission rate of the

data is slower than the acquisition rate of the data. For example, if the data -
acquisition rate is 10 points/min and the transmission is 2 transmissions/min, then
one to five points of data could be sent in each transmission depending on the
desired rate for processing datapoints. The data storage unit 102 typically includes a
readable/writeable memory storage device-snd typically also includes the hardware
and/or software to write to and/or read the memory storage device.

The on-skin sensor control unit 44 may include an optional alarm system 104

' ihat, based on the data from the processing circuit 109, warns the patient of a -
. potentlally detrimental condition of the analyte For example, if glucose is the

. analyte than the on-skin sensor control unit 44 may include an alarm system 104

that warns the patient of conditions such as hypoglycemia, hyperglycemia,
impending hypoglycemia, and/or impending hyperglycemia. The alarm system 104

 is triggered when the data from the processing circuit 109 reaches or exceedsa .~

threshold value. Examples of threshold values fqr.blood glucose levels are about 60,
70, or 80 mg/dL for hYpéglycemia; about 70, 80, or 90 mg/dL for impending
hypoglycemia; about 130, 150, 175, 200, 225,250, or.275 mg/dL for impending -
hyperglycemia; and about 150, 175, 200, 225, 250, 275, or 300 mg/dL for

‘hyperglycemia. The actual threshold values that are designed into the alarm system

104 may correspond to interstitial fluid glucose concentrations or electrode
measurements (e.g., current values or voltage values obtained by conversion of
current measurements) that correlate to the above-mentioned blood glucose levels.

The analyte monitor device may be configured so that the threshold levels for these
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" or any other condmons may be programmable by the patxent and/or a medical

professxonal

A threshold value is exceedcd if the datapoint has a value that is beyond the

threshold value in a direction mdlcatmg a particular condition. For example, a

datapomt which correlates to a glucose level of 200 mg/dL exceeds a threshold value
for hyperglycemxa of 180 m_g/dL, because the datapoint indicates that the patient has

'entered a hypetglycemic state. As another example, a datapoint which correlates to

a ghucose level of 65 mg/dL exceeds a threshold value for hypoglycemia of 70

~ mg/dL because the datapomt indicates that the patient is hypoglycemlc as defined by

the threshold value. However, a datapoint which correlates to a glucose level of 75

: ‘mg/dL would not exceed the same threshold value for hypoglycemia because the

datapoint does not indicate that particular condition as defined by the chosen
threshold value. .
An alarm may also be activated if the sensor readings indicate a value that is

" beyond a measurement range of the sensor 42. For glucose, the physiologically

relevant measurement range is typically about 50 to 250 mg/dL, preferably about 40-
300 mg/dL and ideally 30-400 mg/dL, of glucose in the interstitial fluid.
- The alarm system 104 may also, or alternatively, be activated when' the rate

of change or acceleration of the rate of change in analyte level increase or decrease

reaches or exceeds a threshold rate or acceleration. For example, in the case of a

subcutaneous glucose monitor, the alarm system might be activated if the rate of - '

change in glucose concentration exceeds a threshold valuei wﬁich-might indicate ihaf :
a hyperglycemic or hypoglycemic condition is likely to-occur. e ‘

The optional alarm. system 104 may be configured to activate whena smgle '
data uomt meets or exceeds a particular threshold value. Altematxvely, the alarm
may be actlvated only when a predetermined number of datapoints spanning a

- pmdetermmed amount of time meet or exceed the threshold value. As another

alternative, the alarm may be activated only when the datapoints spanning a
predetermined amount of time have an average value which meets or exceeds the
threshold value. Each condition that can trigger an alarm may have a different alarm

activation condition. In addition, the alarm activation condition may change

- depending on current conditions (e.g., an indication of impending hyperglycemia _
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may alter the number of datapoints or the amount of time that is tested to determine

. -‘hyperglycemia).

10

15
* deactivate when the data no longer indicate that the condition which tnggered the.

The alarm system 104 may contain one or more individual alarms. Each of
the alarms may be individually activated to indicate one or more conditions of the
analyte. The alarms may be, for exampie, auditory or visual. Other sensory-
stimulatihg alarm systems may be used inc]uding alarm systems which heat, cool,

vibrate, or produce a mild electrical shock when activated. In some embodiments,

the alarms are auditory with a different tone, note, or volume indicating different
. conditions. For example, a high note might indicate hyperglycemia and a low note -

might indicate hypoglycemia. Visual alarms may use a differenice in color,

brightness, or position.on the on-skin sensor control device 44 to indicate different

~ conditions. In some embodiments, an auditory alarm system is configured so that

the volume of the alarm increases over time until the alarm is deactivated.
_ In some embodiments, the alarm may be éutomatically deactivated after a
predetérmined time period. In other embodiments, the alarm may be configured to-

- alarm exists. In these embodlments, the alarm may be deactlvated when a single
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exists.

" data point indicates that the condition no longer exists or, alternatively, the alarm

may be deactivated only after a predetermined number of datapoints or an average of
datapoints obtained over a given period of time indicate that the condition no longer

In some'émbodiments, the alarm may be deactivated manually by the patient

- or another person in addition to or as an alternative to automatic deactivation. In

these embodunents, a switch 101 is provided which when activated tums off the
alarm. The switch 101 may be operatively engaged (or disengaged dependmg on the
conﬁgurahon of the switch) by, for example, operatmg an actuator on the on-skm
sensor control unit 44 or the receiver/display unit 46, 48. In some cases, an actuator
may be provided on two or more units 44, 46, 48, any of which may be actuated to
deactivate the alarm. If the switch 101 and or actuator is provided on the

receiver/display unit 46, 48 then a signal may be transmitted from the

receiver/display unit 46, 48 to the receiver 98 on the on-skin sensor control unit 44
to deactivate the alarm.
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A variety of switches' 101 may be‘use'd‘including', for example, a mechanical
switch, a reed switch, a Hall effect switch, a Gigantic Magnetic Ratio (GMR) switch
(the resistance of the GMR switch is magnetic field dependent) and the hke

i Preferably, the actuator used to operatively engage (or disengage) the sw1tch is
- placed on the on-skin sensor control unit 44 and configured so that no water can

- vﬂow around the button and into the housing. One example of such a button isa-

o ﬂexnb]e conductmg stnp that is completely covered by a flexible polymeric or plastic

.10

15

20

25

30

- coating mtegral to the housing.- In an open position the flexible conducting strip is

bowed and bulges away from the housing. When depressed by the patient or another
pemoﬁ; the flexible coﬁducting strip is pushed directly toward a metal contact and
completes the circuit to shut off the alarm. |

For areed or GMR switch, a piece 6f mégneﬁc material, such as a permanent
magnet or an electromagnet, in a flexible actuatbr that is bowéd or bulges away from
the housing 45 and the reed or GMR switch is used. The reed or GMR switch is

activated (to deactivate the alarm) by depreésing the flexible actuator bringing the

\ magnenc material closer to the switch and causing an increase in the magnetic field

w1thm the switch.

In some embodlments of the i mventlon, the analyte momtonng device. 40

includes only an on-skin control unit 44 and a sensor 42. In these embodiments, the
: procesSing'circuft 109 of the on-skiii sensdr control unit 44 is able fo determine a

_ level of the analyte and activate an alarm system 104 if the analyte level exceeds a
.:threshold The on-skin control unit 44, in these embodnrnents, has an alarm system _

104 and may also include a display, such as those discussed below with respect to
the receiver/display units 46, 48. Preferably, the display is an LCD or LED dlsplay
The on-skin control umt 44 may not have a transmitter, unless, for example, 1t is
desxrable to transmit data, for example, to a control unit in a doctor’s office. :

T_'hg on-skin sensor control unit 44 may also include a reference voltage
generator 101 to provide an absolute voltage or current for use in comparison to
voltages or currents obtained from or used with the sensor 42. An example of a
suitable. reference voltage generator is a band-gap reference Voltage' generator that -
uses, for example, a semiconductor material with a known band-gap. Preferably, the

band-gap is temperature insensitive over the range of temperatures that the
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* semiconductor material will experience during operation. Suitable semiconductor

materials includes gallium silicon and silicates.

‘A bias current generator 105 may be provided to correctly bias sohd-state

- electromc components. An oscillator 107 may be provided to produce a clock sxgnal

'that is typically used with digital circuitry.

The on-skin sensor control unit 44 may also include a watchdog circuit 103
that tests the circuitry, particularly, any digital clrcultry in the control unit 44 to
determine if the circuitry is operating correctly. Non-limiting examples of watchdog

circuit operations include: a) generation of a random number by the watchdog

_circuit, storage of the number in a memory location, writing the number to a register

in the watchdog circuit, and recall of the number to compare for equality; b)

' checking the output of an analog circuit to determine if the output exceeds a

predetermined dynamic range; c) checking the output of a timing circuit for a si ghal -

-~ atan expected pulse interval. Other examples of functions of a watchdog circuit are

* known in the art. If the watchdog circuit detects an error that watchdog circuit may

activate an alarm and/or shut down the device.

Recenver/Dnsplay Umt

One or more receiver/display units 46, 48 may be provxded withi the analyte
rhonitormg device 40 for easy access to the data generated by the sensor 42 and may,
in some embodiments, process the Signals_ from the on-skin sensor control unit 44 to

determine the concentration or level of analyte in the subcutaneous tissue. Smalt

v recei\)er/displaiy units 46 may be carried by the patient. These units 46 may be palm-
 sized and/or may be adapted to fit on a belt or within a bag or purse that the patlent
cames One embodiment of the small receiver/display unit 46 has the appearance of
‘a pager, for example, so that the user is not 1dent1ﬁed as a person using a medical -

- devnce Such recelver/dxsplay units may optlonally have one-way or two-way

paging capabilities. : o
Large receiver/display units 48 may also be used. These larger units 48 may
be designed to sit on a shelf or nightstand. The large receiver/display unit 48 may be

. used by parents to monitor their children while they sleep or to awaken patients

during the night. . In addition, the large receiver/display unit 48 may mclude a lamp,
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o clock or radio for convemence and/or for activation as an alarm. One or both types
of recewer/dxsplay units 46, 48 may be used. ,
The recelver/dxsplay units 46, 48, as 1llustrated in block foml at Figure 22,
typically include a receiver 150 to receive data from the on-skin sensor control unit
5 . 44,an analyzer 152 to evaluate the data, a display 154 to provide mformatnon to the
: patient, and an alarm system 156 to warn the patient when a condition arises, The
receiver/display units 46, 48 may also optionally include a data storage device 158, a
transmitter 160, and/or an input device 162. The receiver/display units 46,48 may
. also mclude other components (not shown), such as a power supply (e.g., a battery
10 | and/or a power supply that can receive power from a wall outlet), a watchdog circuit,
a bias current generator, and an oscillator. These additional components are similar
to those described above for the on-skin sensor control unit 44, ,
~ Inone embodnnent a recewer/dlsplay unit 48 is a bedside unit for use bya
pattent at home. The bedside unit includes a receiver and one or more optional
15 items, mcludmg, for example, a clock, a lamp, an auditory alarm, a telephone
connection, and a radio. The bedside unit also has a display, preferably, with large
numbers and/or letters that can be read across a room. The unit may be operable by
pluggmg into an outlet and may optionally have a battery as backup. Typically, the
' bedside unit has a better antenna than a small palm-size unit, so the bedside unit's
20  reception range is longer.
When an alarm is indicated, the bedside unit may actnvate, for example, the
audltory alarm, the radio, the lamp, and/or i initiate a telephone call. The alarm may . -
- be more intense than the alarm of a small palm-size unit to, for example, awaken or
stxmulate a patient who may be asleep, lethargic, or confused. Moreover, a loud -
25 alarm may alert a parent momtormg a dlabetxe child at night, - '

The bedside unit may have its own data analyzer and data storage. The data
may be commumcated from the on-skin sensor unit or another recelver/dxsplay unit,
such as a palm-snze or small receiver/display. unit. Thus, at least one unit has all the
relevant data so that the data can be downloaded and analyzed without s1gmﬁcant

30 gaps. ' : v : : _
_Opﬁonally, the beside unit has an interface or cradle into which asmall -
* receiver/display unit may be placed. The bedside unit ‘may be capable'.of utilizing
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‘the data storage and analysis capebilities of the small receiver/display unit and/or

‘receive data from the small receiver/display unit in this position. -The bedside unit

may - also be capable of recharging a battery of the small receiver/display unit.

The receiver 1 50 typically is formed using known receiver and antenna

. c1rcu1try and is often tuned or tunable to the frequency or frequency band of the
- transrmtter 98 in the on-skin sensor control unit 44. Typically, the recexver 150 is

‘capable of reeeiving signals from a distance greater than the transmitting distance of

the transmitter 98. - The small receiver/display unit 46 can typrcally receive a signal

. from an on-skm sensor control unit 44 that-is upto 2 meters, preferably up to 5
N _meters, and more preferably up to 10 meters or more, away. A large recerver/drsp]ay
. unit 48, such as a bedside unit, can typically receive a receive a signal from an on-
~ skin sensor control unit 44 that is up to 5 meters distant, preferably up to 10 meters
. dlstant and more preferably up to 20 meters distant or more. '

In one embodlment, a repeater unit (not shown) is used to boest a signal from
an on-skin sensor control unit 44 so that the signal can be received by a'
receiver/display unit 46, 48 that may be distant from the on-skin sensor control unit
44. The repeater unit is typically independent of the on-skin sensor control unit 44,
but,' in.some cases, the repeater unit may be configured to attach to-the on-ekin' _A

sensor control unit 44. Typically, the repeater unit includes a recerver for recelvmg

the signals from the on-skin sensor control unit 44 and a transmitter for transmrttmg

the received signals. Often the transmitter of the repeater unit is more powerful than .
the transmitter of the on-skin sensor control unit, although this is not necmary The

' repeater unit may be used, for example, in a child's bedroom for transmrttmg a sxgnal _ 4

from an on-skin sensor control unit on thé child to a receiver/display unit in the

parent's bedroom for momtonng the clnld's analyte levels. Another exemplary useis -

in a hospital with a dlsplay/recewer unit at a nurse's station for momtonng on-skin

-sénsor control unit(s) of patients.

The presence of other devices, including other on-skin sensor control units,
may. create noise or interference within the frequency band of the transmitter 98.
This may result in the generation of false data. To overcome this potential difficulty,
the transmitter 98 may also transmit a code to indicate, for example, the beginning of

" atransmission and/or to identify, preferably using a unique identiﬁcarion code, the
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L parucular on-skin sensor control unit 44 in the event that there is more than one on-

: 'skm sensor control unit 44 or other transmission source within range of the-

o o recelver/dlsplay unit 46, 48. The provision of an 1dent1f cation code wnth the data
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may reduce the likelihood that the receiver/display unit 46 48 intercepts and

interprets signals from other transmission sources, as well as preventmg “crosstalk”

- with different on-skin sensor control units 44, The identification code may be

provided as a factory-set code stored in the sensor control unit 44, Alternatively, the

identification code may be randomly generated by an apprOpnate circuit in the

. sensor eohtrol unit 44 or the receiver/display unit 46, 48 (and transmitted to the

sensor control unit 44) or the identification code may be selected by the patient and

communicated to the sensor control unit 44 via a transmitter or an mput devxce

coupled to the sensor control unit 44, '
‘ Other methods may be used to eliminate “crosstalk” and to identify signals
from the appropriate on-skin sensor control unit 44. In some embodiments, the

' transrmtter 98 may use encryption techniques to encrypt the datastream from the

transmitter 98. The receiver/display unit 46, 48 contains the key to decipher the

E '.encrypted data signal. The recexver/dxsplay unit 46, 48 then determines when false
“signals or “crosstalk” signals are received by evaluation of the signal after it has

been decxphered For example, the analyzer 152 in the one or more recelver/dlsplay
umts 46, 48 compares the data, such as current measurements or analyte levels, with
expected measurements (e-g., an expected range of measurements corresponding to
physiologically relevant analyte levels). Alternatively, an analyzer in the
;ecexver/dxsplay um_ts 46, 48 _searches for an identification code in the decrypted data

- signal.

Another method to eliminate crosstalk” which is typxcally used in
con_;unctmn with the identification code or encryption scheme, includes prov:dmg an
optxonal mechanism in the on-skin sensor control unit 44 for changing 1 transmxssxon
frequency or frequency bands upon determination that there is “crosstalk”. This-
mechanism for changing the transmission frequency or frequency band may be
initiated by the receiver/display unit automatically, upon detection of the possibility

of cross-talk or interference, and/or by a patient manually. For automatic initiation,

' the receiver/display unit 46, 48 transmits a signal to the optional receiver 99 on the -
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on-skin sensor control unit 44 to diréct the transmitter 98 of the on-skin sensor
control unit 44 to change frequency or frequency band. _
Manual initiation of the change in frequency or frequency band may be

-accomplished using, for example, an actua'tor' (not shown) on the receiiler/display
. unit 46,48 and/or on the on-skin sensor control unit 44 which a patient operates to '
" direct the transmntter 98 to change frequency or frequency band. The operation ofa

‘manually initiated change in transmission frequency or frequency band may include

prompting the patient to initiate the change in frequency or frequency band by an
audio or visual signal from the receiver/display unit 46, 48 and/or on-skin sensor
control unit 44,

Returning to the receiver 150, the data received by the receiver 150 i is then
sent to an analyzer 152. The analyzer 152 may have a variety of funcnons sumlar
to the processor circuit 109 of the on-skin sensor control unit 44, including 1)
modifying the signals from the sensor 42 usihg calibration data and/or measurements
from the 'temperatufe probe 66, 2) determining a level of an analyte in the intefstitia]

' fluid, 3) detérmining alevel of an anaijte in the bloodstream based on the sensor

measurements in the interstitial fluid, 4) determining if the level, rate of change,

arid/or acceleration in the rate of change of the analyte exceeds or meets one or more

" threshold values, 5) activating an alarm system 156 and/or 94 1f a thxeshold value is
‘ met or exceeded, 6) evaluating trends in the level of an ana.lyte based on a series of
‘sensor s1gnals, 7) determine a dose of a medication, and 7) reduce noise or error

* contributions (e.g., through signal averaging or comparing readings from mulﬁple '

electrodes). The analyzer 152 rﬂay be simple and perform only one or a small

A _ number of these functions or the analyzer 152 may perform all or most of these

25

30

functions. . S
The output from 'the analyzer 152 is typically ﬁmvided toa display 154. A’
variety of displays 154 may be used including cathode ré); tube displays (particularly
for larger units), LED displays, orLCD diéplays. The display 154 may be
monochromatic (e.g., black and white) or polychromatic (i.e., having a range of
colors). The display 154 may contain symbols or other indicators that are activated
under certain conditions (e.g:, a particular symbol may become visible on the display
when a condition, such as hyperglycemia, is indicated by signals from the sensor.
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42). The display 154 may also contain more complex structures, such as LCD or
LED alphanumeric structures, portions of which can be activated to produce a letter,
number, or symbol F or example, the display 154 may include region 164 to dlsplay
numerically the level of the analyte, as illustrated in Figure 23. In one embodiment,
the display 154 also provides a message to the patiént to direct the patient in an
action. Such messages may include, for example, "Eat Sugar”, if the patient is
hypoglycemlc, or "Take Insulin", if the patient is hyperglycemic.

~ One example of a receiver/display unit 46, 48 is illustrated in Figure 23. The

display 154 of this particular receiver/display unit 46, 48 includes a portion 164 .
‘which dxsplays the level of the analyte, for example, the blood glucose

' concemratxon, as determined by the processing circuit 109 and/or the analyzer 152

using signals from the sensor 42. The display also mcludes various indicators 166

which may be activated under certain conditions. For example, the indicator 168 of

- a glucose monitoring device may be activated if the patient is hyperglycemxc. Other

indicators may be activated in the cases of hypoglycemia (170), impending

- hyperglycemia (172), impending hypoglycemia (174), a malfunction, an error

' cendition, or when a calibration sample is needed (176). In some embodiments,

color coded indicators may be uséd. Alternatively, the portion 164 which displays
the blood- glucose concentration may also include a composite mdlcator 180 (see
F igure 24), portlons of which may be appropnately activated to mdlcate any of thé
conditions described above.

The display 154 may also be capable of displaying a graph-178 of the analyte

| _ level over a period of time, as 1llustrated in Fxgure 24. Examples of other graphs that
b'may be useful include graphs of the rate of change or acceleration in the rate of -

" change of the analyte level over time. In some embodiments, the recexver/dlsplay

g unit is configured so that the panent may choose the particular display (e.g., blood

glucose concentration or graph of concentration versus time) that the patlent wishes

to view. The patient may choose the desired display mode by pushing a button or

~ the like, for example, on an optional input device 162.

‘The receiver/display units 46, 48 also typically include an alarm system 156
The options for configuration of the alarm system 156 are similar to those for the

alarm system 104 of the on-skin sensor control unit 44. For example, if glucose is )
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the analyte than the on-skin sénsor control umt 44 may include a an alarm system 156 '

- that warns the patient of condmons such as hypoglycemia, hyperglycemra,
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impending hypo_glycemra, and/or impending hyperglycemia. Ihe alarm system 156

 is triggered when the data from the analyzer 152 reaches or exceeds a tlrre_shold :
* value. The threshold values may correspond to interstitial fluid glucose

concentrations or sensor signals (e.g., current or converted voltage values) which .
correlate to the above-mentroned blood glucose levels.

The alarm system 156 may also, or alternatively, be activated when the rate
or acceleration of an increase or decrease in analyte level reaches or exceedsa
threshold value. For example, in the case of a subcutaneous glucose monitor, the
alarm system 156 might be activated if the rate of change in glucose concentration _
exceeds a threshold value which might indicate that a hyperglycemic or
hypoglycemrc condition is lrkely to occur.

‘ The alarm system 156 may be conﬁgured to activate when a smgle data point
meets or- exceeds a particular threshold value Altematlvely, the alarm may be-

~ activated only when a predetermmed number of datapoints spanmng a.
" predetermined arnourit of time meet or exceed the threshold value. As another
: altemative; the alarm may be activated only when the datapoi_nts" spanninga
o . ‘predetermined amount of time have an average value which meets or exceeds the
20

threshold value. Each condition that can trlgger an alarm may have a different alarm -

activation condition. In addition, the alarm activation condition may change

depending on current condmons (e.g., an indication of 1mpend1ng hyperglycemia
may alter the number of datapornts or the amount of time that s tested to determine
hyperglycemla) ' A

The alarm system 156 may contain one c_r more individual alarms. Each of
the alarms may be individually activated to indicate one or more conditions of the

analyte. The alarms may be, for ekam’ple, auditory orvisual. Other sensory-

' stimulating alarm systems by be used including alarm systems 156 that direct the on-

skin sensor control unit 44 to heat, cool, vibrate, or produce a mild electrical shock.
In some embodiments, the alarms are auditory with a different tone, note; or volume
indicating different conditions. For example, a high note might indicate

hyperglycemia and a low note might indicate hypcglycemia. Visual alarms may
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also use a dxﬁ'erence in color or bnghtness to indicate different condmons In some
embodunents, an auditory alarm system might be configured so that the volume of .
the alarm increases over time until the alarm is deacnvated _
In some embodxments the alarms may be automatically deactwated after a
5 predetermmed time perlod In other embodxmcnts the alarms may be conf gured to
‘ deactivate when the data no longer indicate that the condmon which triggered the
'alarm ex1sts In these embodiments, the alarms may be deactivated when a single
| data pomt indicates that the condition no longer exists or, altemauvely, the alarm -
may be deactivated only after a predetermined number of datapoints or an average of
10 datapomts obtained over a given period of time indicate that the condition no longer
v exists.
In yet other embodiments, the alarm may be deactivated manually by the
patient or another person in addition to or as an altematlve to automatlc deactlvatlon
In these embodlments a switch is provided which when actwated turns off the
15  alarm. The switch may be operatively engaged (or disengaged depending on the
conf iguration of the switch) by, for example, pushing a button on the '

i recexver/dnsplay unit 46, 48. One configuration of the alarm system 156 has _
automatic deactxvanon after a period of time for alarms that indicate an 1mpendmg
condition (e 8, impending hypoglycemia or hyperglycemia) and manual v

20 deactxvanon of alarms whlch indicate a current condition (e.g., hypoglycerma or

- _ hyperglycerma) o , _ .
The recexver/diéplay units 46, 48 méy also include a number of optxonal

items.  One item is a data storage unit 158. The data storage unit 158 may be
decxrable to store data for use if the analyzer 152 is configured to determine trends in

25 -the analyte level. The data storage unit 158 may also be useful to store data that may

. be downloaded to another recexver/dlsplay unit, such as a large dxsplay unit 48..
‘Alternatively, the data may be downloaded to a computer or other data storage .
device in a patient’s home, at a doctor’ s office, etc. for evaluation of trends i in
analyte levels. A port (not shown) may be provided on the receiver/display unit 46,

30 48.through which the stored data may be transferred or the data may be transferred
using an optional transmitter 160, The data storage unit 158 may also be activated to

~ store data when a directed by the patient via, for example, the optnonal input d'evice
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' 162. The data storage unit 158 may also be configured to store data upon oc;ui’rénce
~ of a particular event, such as a hyperglydénﬁc or hypoglycemic episode, exercise,

eating, etc. The storage unit 158 may also store event markers with the data of the

particular event. These event markers may be generated eithé: automatically by the

- dxsplay/recewer umt 46 48 or through input by the patient.

The receiver/display unit 46, 48 may also include an optional transmitter 160
which can be used to transmit 1) calibration information, 2) a signal to direct the
transmitter 98 of the on-skin sensor control unit 44 to change transmission frequency
or frequency bands, and/or 3) a signal to activate an alarm system 104 on the on-skin
sensor control unit 44, all of which are described above. The transmitter 160

ty'picélly operates in a different frequency band than the transmitter 98 of the on-skin

sensor control unit 44 to avoid cnjoss-talk' between the transmitters 98, 160. Methbds

.. may be used to reduce cross-talk and the reception of false signals, as described

abm)e in connection with the transmitter 100 of the on-skin senso'r control unit 44.

In some embodxments the transmitter 160 is only used to transrmt signals to the

sensor control unit 44 and has a range of less than one foot, and preferably less than

six inches. This then requires the patient or another person to hold the
receiver/display unit 46 near the sensor control unit 44 during transmission of data,
for example, duririg the ira’nsmission of calibration information. Transmissions may
also be performed using methods other than rf transmxssxon, mcludmg optical or
wire transmlssmn ’

In addmon, in Ssome embodxments of the i invention, the transxmtter 160 may

be configured to transmit data to another recelver/dlsplay unit 46, 48 or some other.
_ reéeiver 'For example, a small receiver/display unit 46 may transmit data to'a large

recexver/dlsplay unit 48 as 1llustrated in Figure L. As another example,
receiver/display unit 46 48 may transmxt datatoa computer in the patient’s home or
at a doctor’s office. Moreover, the transmltter 160 or a separate transmitter may
direct a transmission to another unitor to a teléphone or other commiriications - _ -
devioe'that alerts a doctor or other individual when an alarm is activated ahd/or if,
after a predetermined time period, an activated alarm has not been deactivated,
suggesting that the patient may require assistance. In some embodiments, the -

receiver/display unit is capable of one-way or two-way paging and/or is coupled to a

PCT/US98/25685



WO 99/29230

. hke which initiate functions of and/or provide i mput to the analyte momtonng devxce

10

15

25

30

84

telephone lme to send and/or receive messages from another, such as a health
professional momtonng the patient.

Another optlonal component for the recewer/dlsplay unit 46, 48 is an input

device 162, such asa keypad or keyboard. The input device 162 may allow nurnenc _

8 "or alphanumenc input. The i input device 162 may also include buttons keys, or the

40. Such functions may include initiating a data transfer, manually changing the

~ transmission frequency or frequency band of the transmitter 98, deacnvatmg an

alarm system 104, 156, mputtmg calibration data, and/or indicating events to
activate storage of data representative of the event. -

Another embodiment of the input device 162 is a'touch screen display. The
touch screen dxsplay may be incorporated into the display 154 or may bea separate
display. The touch screen display is activated when the patient touches the screen at
a position indicated by a “soft button” which corresponds toa desnred function.-
Touch screen displays are well known.

In addition, the analyte monitoring devxce 40 may include password

‘protectxon to prevent the unauthorized transmission of data to a tenmnal or the -
'unauthorized changing of settings for the device 40. A patient may be prompted by
" the display 154 to input the password using the input device 152 whenever a .

20 password-protected function is mmated

- Another function that may be actlvated by the mput devzce 162 isa

: deactxvatxon mode. The deactlvatlon mode may indicate that the recexver/dxsplay

unit 46, 48 should no longer display a portion or all of the data. In some

. embodiments, activation of the deactivation mode may even deactivate the alarm

systems 104, 156.. Preferably, the patient is prompted to confirm this particular -
action. During the deactivation mode,' the processing circuit 109 and/or analyzer
152 may stop processing. data or they may continue to process data and not report it

- for dlsplay and may optionally store the data for later retrieval. .

Alternatively, a sleep mode may be entered if the input device 162 has not
been activated for a predetermined period of time. This period of time may be -

' adjustable by the patient or another individual. In this sleep mode, the processing
- circuit 109 and/or analyzer 152 typically continue to obtain measurements and .

'PCT/US98/25685
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process data, however, the display is not activated. The sleep mode may be
deactivated by actions, such as activating the input device 162. The current analyte
reading or other desired mformatton may then be displayed.

‘In one embodiment, a recelver/drsplay unit 46 initiates an audible or visual
alarm when the unit 46 has not received a transmission from the on-skin sensor -
control unit within a predetermined emonnt of time. The alarm typical.ly continues

uritil the patient responds and/or a transmission is received. This can, for example,

_ renund a patient if the receiver/display unit 46 is inadvertently left behind.

In another embodtment the recetver/dlsplay unit 46, 48 is lntegrated thh a .

cahbratlon unit (not shown). F or example, the recelver/dxsplay unit 46, 48 may, for

~example, include a conventional blood glucose monitor. Another useful calibration

- device utlhzmg electrochemical detection of analyté concentration is descnbed in

U.S. Patent Application No. 08/795,767, 1ncorporated herein by reference Other

- devices may be used including those that operate using, for exampl_e,

electrochemical and cqloﬁmetﬁc blood glucose assays, assays of interstitial or
dermal fluid, and/or non-invasive optical assays. When a calibration of the -

implanted sensor is needed, the patient uses the integrated in vitro monitor to

 generate a reading. - The reading may then, for example, automatically be sent by the

transmitter 160 of the receiver/display unit 46, 48 to calibrate the sensor 42.

Integratlon with a Drug Admmtstratlon System
Fxgure 25 dlnstrates a block dlaglam of a sensor-based drug dehvery system

S 250 accordmg to the present mventlon. The system may provide a dmg to
L _ counteract the high or low level of the analyte in response to the sxgnals ﬁ'om one or -
' 25 “more sensors 252. Altematxvely, the system monitors the drug concentratton to ”

: .ensure that the drug remains within a desired therapeutic range. The drug dehvery

system includes one or more (and preferably two or more) subcutaneously tmplanted
sensors 252, an on-skin sensor control unit 254, a receiver/display unit 256,adata
storage and controller module 258, and a drug administration system 260. In some
cases, the receiver/display unit 256, data storage and controlier module 258, and
drug administration system 260 may be integrated in a single unit. The sensor-based

drug delivery system 250 uses data form the one or more sensors 252 to provide
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’necessary mput fora control algorithm/mechanism in the data storage and controller

I module 252 to adjust the admmlstranon of drugs. As an example, a glucose sensor
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could be used to control and ad_|ust the administration of insulin.

In Figure 25, sensor 252 produces signals correlated to the level of the drug

or analyte in the patient. The level of the analyte will depend on the amount of drug

delivered by the drug adm1mstxatnon system A processor 262 in the on-skin sensor
control unit 254, as 1llustrated in Figure 25, or in the receiver/display unit 256 .
determines the level of the analyte, and poss:bly other information, such as the rate
or acceleration of the rate in the increase or decrease in analyte level. This

information is then transmitted to the data storage and controller module 252 using a

transmitter 264 in the on-skin sensor control unit 254, as illustrated in Fxgure 25,0ra .
' non-mtegrated recexver/dlsplay unit 256. '

If'the drug delivery system 250 has two or more sensors 252, the data storage

' and controller module 258 may venfy that the data from the two or more sensors
. 252 agrees thhm predetermmcd parameters before accepting the data as valid: This -
data may then be processed by the data storage and controller module 258,

optionally with previously obtained data, to determine a drug administration
protocol. The drug administration protocol is then executed using the drug

-administration system 260 which may be an internal or external infusion pump,

syringe mjector transdermal delxvery system (e.g., a patch containing the drug
placed on the skin), or inhalation system. Alternatively, the drug storage and -
controller module 258 may provide a the drug administration protocol so that the
patient or another person may provndc the drug to the patient according to thc

. Inone embodiment of the invention, the data storage and controller module

258 is tramable For example, the data storage and controller module 258 may store -

i glucose readmgs over a predetermined period of time; e.g., several weeks. When an’
-episode of hypoglycemia or hyperglycemia is encountered, the relevant hlstory
. leading to such event may be ‘analyzed to determine any patterns whxch might -
improve the system's ability to predict future episodes. Subsequent data mxght be-

compared to the known patterns to predict hypoglycemia or hyperglycemia and
deliver the drug accordingly. In another embodtment. the analysis of trends is
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performed by an external system or by the processing circuit 109 in'the on-skin

se'nsof control unit 254 or the analyzer 152 in the receiver/display unit 256.and the'

‘trends are incorporated in the data storagé and controller 258.

. In one embodiment, the data storage and controller module 258, processing -

A circuit 109, and/or analyzer 152 utilizes patlent-specxﬁc data from multiple episodes

to predict a patient's response to future epxsodes The multiple episodes used in the

_prediction are typically responses to a same or similar external or internal stxmulus

Examples of stimuli mclude periods of hypoglycerma or hyperglycemla (or
corresponding conditions for analytes other than glucose), treatme_znt of a condition,
drug delivéry (e.g., insulin for glucose), food intake, exercise, fasting, change in .
body temperature, elevated or lowered body te'rﬁperature {e.g., 'fever), and diseases,

~ viruses, mfectlons and the like. By analyzmg multiple episodes, the data storage

and controller module 258, processing cxrcuxt 109, and/or analyzer 152 can predlct
the coarse of a future episode and provide, for example, a drug administration
pfotocol or administer a drug based on this analysis. An input device (not shown)
may be used by the patient or another person tciA-indicate When a particular episode is
dccun'ing so that, for example, the data storage and controller module 258,
processing circuit 109, and/or analyzer 152 can tag the data as resulting from a
pamcular eplsode, for use in further analyses _ . S

. In addition, the drug delivery system 250 may be capable of prowdmg on-
gomg drug sensitivity feedback. For example,. the data from the sensor 252 obtamed

- during the administration of the drug by the drug adrmmstratlon system 260 may o
"provide daté' about the individual patient’s responsé to the drdg which can then be

used to modnfy the current drug administration protocol accordmgly, both
lmmedlately and in the future. An example of desirable data that can be' extracted -
for each panent includesthe patxent's characteristic time constant for response to -
drug admmxstxat;on (e.g., how rapidly the glucose concentration falls when a known
bolus of insulin is administered). - Another example is the patient’s response to
administration of various amounts of a drug (e.g., a panent's drug sensitivity curve)
The same information may be stored by the drug storage and controller module and
then used to determine trends in the panent s drug response, which may be used in -
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developmg subsequent drug admmrstratlon protocols, thereby personahz:mg the drug

o admxmstratxon process for the needs of the patient.

Relationship" of Subcutalneous_and Blood Analyte Levels

. Itis often useful to determine analyte eoncentration in one fluid (e.g., ‘blood)
even though the measurements of analyte concentration are performed on another
fluid (e.g., subcutaneous ﬂl.lld) For example, it may be important to know blood

glucose concentration for accurate diagnosis and/or insulin injections, or for

_companson with other techmques but it is more convenient and/or less pamful or

mtrusxve to measure subcutaneous glucose concentrations. Sensor measurements

" made usmg subcutaneous fluid may be different from the desired quantity (e.g.,
' blood glucose concentratlon) because of the existence of a mass transfer barrier,

. source and/or sink between compartment A, the region of measurement (e.g.; the.

subcutaneous tissue), and compartment B, the regron of interest (e.g., the blood).

For any such problem, one needs to develop a model that relates qA, the measured

_ quantity, to g3, the desired quantity, usmg a system of equations: q,= £q,. To

solve for the desired quantity, the operator @ must be inverted. Ifthe operator £

happens to be noninvertable or unstable to inversion, the use of such a model may be

hindered.

* One solution to this dilemma is the application of regularization techniques

- that, when used m conjunction with a model,» can predict the desired quantity from

the measured quantity. - These methods often permit the ilnposition of a'smoothing
requtrement that changes the operator £, making i it xnvemble These regularlzatxon

h techmques can be used to infer one functlon from another measured functxon usmg a
postulated relationship between them. ‘

Wrth respect to subeutaneously unplanted glucose sensors, the concenu'atlon :

‘typlcally a time lag between changes in glucose concentration of the blood and the
- subcutaneous tissue after, for example; an injection of insulin;  To predict this time

lag and correlate the two concentrations, the glucose transport processes that mediate .

the transport of glucose from the blood to the subcutaneous tissue are investigated.

«
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© Three types of glucose transport processes exist: active trarisport; facilitated

‘ transport and passive transport. Active transport processes are present in the lumen’ "
~of the small intestine and in the renal tubules, where glucose is transported against
" its concentration gradient, requiring energy. Facilitated transpon processes include -
- those in which, for example, carrier proteins, known as a glucose transporters, or

, GluTs, are present at a membrane surface to aid the diffusion of glucose across the

membrane, as in adipocytes and in the blood-brain barrier. Finally, passive transport

Aincludes simple or Fickian diffusion which is typically driven by a concentration

gradient and needs no special carrier proteins or energy.

Transfer of Glucose from Blood to Interstitial Fluid

- A subcutaneously implanted sensor is placed in the interstitial fluid of the

: subcutaneous tlssue Typically, the unportant transport process are facilitated

diffusion and a mass transfer resrstance to transport of glucose between the blood
and subcutaneous tissue. Thus, the relatxonslup between the concentratlons of -

glucose in the blood and subcutaneous tissues can be modeled by the mass transfer

" resistance from the blood to the subcutaneous region near the sensor and by the -
_ uptake of glucose by the surrounding subcutaneous tissue. Following a rnatenal o

o balunce, the rate of accumulation of glucose in the sensing volume V is 'given by the

net rate of mass transfer of glucose into the region less the uptalte of glucose by the

surrounding cells via facilitated diffusion. which can be modeled using a reaction o

term Tlus relationship between the concentratxon of glucose in the subcutaneous

: tlssue S and that in the blood Bis given by,

Vk s

=k, A(B S)- i 1(1)'

_ d

"where 4 is the surface area of the region surrounding the sensor, k,,, is a mass.

transfer coefficient; K, is a Michaelis-Menten constant, and ;' is the reaction rate
constant for uptake of glucose by the subcutaneous tissue. The mass transfer
coefficient, Michaelis-Menten constant, and reaction rate constant for uptake of
glucose by the subcutaneous tissue may be determined experimentally for a
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parucular animal, species, or as a generally apphcable value Altematlvely, these
values may be estimated. , o

.. The reaction rate constant may depend on the local insulin concentration I as
modeled, for example by Yeh et al., Bzochem 34 :523-531 (1995), mcorporated by
reference. However, for purposes of this dxscussron, the reaction rate constant is

assumed to be constant. Appropriate changes in the equations below can be made if

: the reaction rate constant is dependent on the local insulin concentration.

Dmdmg equation ( 1) by the volume of the sensor region Vylelds: |

s -~ . k'S S
—=/B-S)-—"— .
dt.p( )_K,,,+S, @

- where B =lc,,,A/V and corresponds to the reciprocal of the time constant for mass

transfer. It is convenient to non-dimensionalize the equation as follows, defining

B . S
_’S=_’kr
B, B

=k,'N(fB,)and [ = ,/";z where B, can be an arbitrarily defined

blood glucose concentrauon (e. g a startmg blood glucose concentratron) Equatxon
(2) then becomes

.‘-1-‘5'-—1';- 1+ S B
dt —m : '
- = ] Bo"v+S 3

The contents in brackets can be referred to as the pseudoconstant B When there is

no reactxon B is equal to 1; when there isa xeactxon, B isa weak functlon of S but
- § typtcally does not change much. So it can be assumed that Bis constant over the -

‘time scale of the computat:on, lettmg S be equal to the value at tbe center of the . '

computatxon wmdow (The computatxon wmdow is descnbed followmg equanon

(M) 'I'he nondrmensronal variables S B and t wx]l continue to be referred to, but

the overbars are removed for the remamder of this specification. The final equatxon,

ds - S
E‘%B-_ﬂ& - )
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determines the subcutaneous glucose concentration given the blood glucose

" - concentration and can be termed a forward model.

Inversion of the Forward Model _
The forward model is inverted to infer the blood glucose concentration given

measured subcutaneous glucose concentrations. Predictions made from inversions

may be highly sénsiti.\"e to measurement errors and the inherent imperfections

present in any mathematical model. Thus, regularization is often useful. If no

_regularization is used, the solution may be unstable and/or unreasonable.

As part of the regularization techniques, a smoothness condition may be

imposed to minimize a function. The smoothness condition can include a

combination of modet fit and required smoothness. The minimization méy result in

-a shghtly modlﬁed set of equations which are well-conditioned (e.g., mvertxble and -

stable) and readily inverted and solved. Thus, rather than strictly forcing the data to

' fit the model, the data is forced to be smooth (as defined by the regularization
- technique) and fit the model reasonably well. A set of equations is then derived that -

'use the measured value of the subcutaneous concentration of glucose to predict the-

concentratlon of glucose in the blood.

~ To invert the forward model, it may be useful to rewrite the forward model in - -
the form of a Volterra mtegral equation. To do so, both sides of equation (4) are
multiplied by the function o S o
| #e)=e” G
to yield |

—[¢(r)S] PO N %

Recall that Bisa pseudo-constant that is actuaily a mild function of § when reacuon
s pment. Taking the deﬁmte integral of equation (Sb) between times 6 and ¢, and
'dmdmg both sides by ¢(t) gives, '
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_s(:) S(B)e"(’ 9 4 IB(r He-dgr '_.j(g).

In the above equation, the variable 8 is the mmal time and ¢ is the ﬁnal time for the
present wmdow of computatxon Integratlon can be done numencally using a finite -
difference scheme. B@) is computed for N times using a set of equatxons or a single -
matrix-vector equation, with a time ¢ represented on each of the N rows. Asan

approximation,

j B()e ”’("')dt ZB( e A xw, o
i} .
where N is the number of discretization pomts in the computation window and W is
some weighting factor (leﬁned by a choice of quadrature scheme. For example, the
integral in equation (7) is approximated by choosmg weights that apply an extended
Simpson's rule.: ‘
_The time window contains N times at which subcutaneous measurements are

taken, and which are separated by an interval At so the size of the wmdow is (N-

-1)At. - The blood glucose concentration must by computed numerically, so B is

discretized, _i;e., represented by a piecewise constant over the window of

~ computation. 'An advantage of computing the blood glucose value at the ending time

ofa window is that the method can be implemented continuously, updating the
blood glucose concentration as more subcutaneous data become available. This

‘allows the determmauon of blood glucose concentmtlon from earlier measured

analyte concentrauons This is in contrast to conventional analys15 techniques tha1

B require measurements before and after the pomt in time at which the blood glucose

- concentration is determined. -

In some instances this differential treatment uxay be sufficient. However, the

~ solution to equation (6) may be sensitive to imperfections in the data and in the

model, and its application alone may'result in oscillatory predictions of the

concentration of glucose in the blood, as shown in Figure 30. | _ _
Regularization techniques can be used lo form a better behaved solution.

The solution of the integral equation for B(t) (or simply the vector b, which is the
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vector of blood glucose valueé b; at the points in the present computation wiﬁdbw)

_ can be conditioned to be smooth in addition to closely satisfying equation (6) w:th

experimental measurements of S(). For example, the functional f{b],

16)= 2?[b]+ %3], ®

* can be minimized over any window of data points, where

| z’ [5]= Z”‘,[ ]B () e;ﬁ(";_')dr- S(t,)+ s(e)e""(’"“”)) )

, The functlonal ,z represents the fit between the predlctlon of the model and the -

expenmental data and the functional y indicates the smoothness of the predlctxon.- _

‘The A variable is a wexght wl_nch balances the amount of smoothing to data-

ir_natch,ing and can be constrained to range from 0 to . The functional y maybe - - -

: _chdsen based on an a priori belief about the quality of the output. If the output is
- likely to be constant over one window of computation, a first-order regularizaﬁon, in-

- which first derivatives are minimized over the wmdow of interest, can be chosen,

15 -

20

" where

rwultmg m

)= ﬂB () dr= Z [B i) )] Az (10)

The last term m equatxon (10) is a finite dlﬂ‘grcnce estimation of the integral whére
Av is the time difference between data points. If, instead, the solution is thought to
be linear over one window of computatlon, and a second-order regulanzatxon can be

nnposed that will minimize second denvauves, resultmg in:

‘P[b] ;[B--(f)] . z[ B(,ﬂ,, +2B(,,,,,) s, ar

(l 1) '
Equatxon (8) above may be wntten in the followmg matnx form

= f=(A-b- c)’+,1(b Hb) - (12) :
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B p'(" ’)At p—xor]
A, = Ie_p“("'ff)dr: e p‘(’ N )At i<p<j, o q3)
e o 0 . j<u ‘ .
and c,=St,)-s@e?. s

The definition for H stems from the choice of régulariiation such that first or the

5 second derivatives over the window of computatlon are minimized. Ifa ﬁrst-order

regulanzatlon is chosen, the matrix H is given by,

1 <1 0 0 0A 0
1 2 -1 0 0 A 0
0 -1 2 -1 0 A 0
H=| 0A 0 -1 2 -1 0 (15)
oA o0 o0-1. 2-1 '
0O0A O 0 0 -1 1
On the other hand, choosing a second-order regularization gives
[ 1 -2 1. 0 0 0 0A 0 |
-2 5-4 1 0 0 0OA O
1-4 6-4 1 0 0A 0
10 1-4 6-4 1 0A 0 R
H=| M o . M 16y
oA 0 1-46-410 o
0 A 0 0 1-4 6-41
"0 A O O 0 1-4 5-2
L 00A 000 0 1-2 1 |

10  The matnx H that minimizes b, or implements a zeroeth-order regulanzahon is

given simply by the identity matrix.
Equation (12) is rmmmlzed by setting df/ dB equal to 0, and, after some

algebra, the blood glucose concentrations over the window of computation are given

by,
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(AT-A+iH) b=ATc. - an

The solutlon to the model was found at each time for whxch measurements were

. acquired in the expenmem. We solve for b in equation (17) at each window of

computation usmg known LU decomposmon and back-substitution.

In another embodxment, the formulation may include a fixed initial

- condition. The functional to be minimized can be differentiated as before and- the

ploblem solved using identical methods. By enforcing the initial condition, the

 solution becomes a bit more unstable, because the initial condition that is being
forced may not give the best ﬁt Other than causing more mstabllxty, this method

. -changes the predlctlon very little. -

Besides assuring 2 relagvely smooth solution for B('c), the i'egxllarization
techniques may be more desixable than the differential method for another reason.
To use the differential method, the sensor data is often smoothed before processing,
which could -produce a lag in the results because backward smoothing would be
applied, since the application of real-time inversion dictates that the future data

would be unknown. By using the regularization techniques, a relatively smooth

‘solution can be obtained without creating this lag.

Processor

‘The detenmnatlon of the blood glucose concentratlon from subcutaneous

‘glucose concentratlon measurements can be performed by a: processor (eg.,

processing cxrcmt 109 of Flgure 18A or 18B or analyzer 152 of Figure 22), with or -

_ without a storage medium, in which the determmanon procedure is perfonned by

software, hardware, or a combination thereof According to another embodlment,

this same deterrmnanon is accomphshed using dlscrete or semi-programmable

~ hardware configured, for example, using a hardware descriptive language, such as

Verilog, In yet another embodiment, the determination may be performed using a -

processor having at least one look-up table arrangement with data stored therein to
represent the complete result or pamal results of the above equations-based on a
given set of input data, the input data corresponding to parameters used on the nght
side of the equations.
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EXAMPLES

Example 1
. Oral Glucose Tolerance Test Function
In order to test the performance of the above inverse model under real_iStic
conditions, a test function was used that resembles the typical human response to a
substantial change in glucose intake or utilization. A simulation of a response to an
oral glueose tolerance test (OGTT) and a simple fit of the human OGTT data -
preserxted by Janssorr etal, Am'.l Physiol., 225:E2185220 (1988), incorporated -

“herein by reference, results in the following non-dimensional function:

B(:):B%(e-{'-e'ﬁ');l, '7 i 18

“wherey=k/ ,é =t/ /§ » £=0.054 min", £,=0.021 min”, C=85.5*[k,'/ (k, - k;)]
V mg/dl, and B;=95 mg/dl. From previous comparisons with experimental data
'provrded in Schmldtke etal., Proc. of the Nat'l Acad, of Science, 95, 294-299

(1 998) mcorporated herein by reference ,B was chosen to be 0.05 mm t, If no
reaction is present, then the forward problem can be solved analytically, and the

subcutaneous glucose concentratwn is given by:

: s(r)=£[i-—e:o—]+r. ‘ (19)"

Three cases of varymg magnitudes of the reactron term were studled,

o Plgure 31 The shapes of the i input fanctions St ) are shifted down as the effective

25

"reactlon rate constant, ‘

k , increases.
[ s , inc cases.
B, ' r
" By varying the amount of noise on the input function, the pe"rforrnance of the
inverse model for a wide range of A (10 to 10°) was analyzed for the three -

hypothetical cases. For the tests performed here, an error magnification _faetor, €, as
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functlon of A, and magnitude of reaction was computed. The error magmﬁcatlon

factor was deﬁned as:

% Ouiput M Erro;'

7 Input RMS Error . (20)

where
o > (predictedB, ~trueB, )2 A
%OQutput RMS Error =— : . x100%, (21)

ZtrueB ;2 '
and

: : Z(noisyS, - tr;ueS,)2 _ '
% Input RMS Error = x100%. (22)

’Z trueS;*

trueS are the input values that are free of generated noise and frueB are the values

that would result from the equations if the trueS values were used as ’inout.
~ The input function was modified by the addmon of white noise or time— :

: correlated noise. White noise was produced by first finding the average value of the '
_input function over the test period. Then a random gaussmn distribution was
generated about that avemge with standard devxatlons of 0.5, 1, and 2% of that -

average: .
S, (=8 + Gauss(m'edn SD) ‘ (23)

. Inthe above equation, S,,(?) is the new subcutaneous mput functxon thh whlte noxse A

20

superunposed, where Gauss is a function of the mean,

mean——Zs( ) ) ~(24)_‘

. . . n .
and the standard déviation, | . =
ZS(f:) L@
Gauss is the function that generatw the random Gaussmn dlstnbutlon with the given
average and standard deviation. When p was set equal to 1%, an input functxon with,

1% white noise resulted. This distribution was added to the OGTT function in
equation (18) to produce the white noise input function.

_ PCT/US98/25685
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Time—correlated noise was constructed via a simple moving average method,
where the white noise input function produced above is averaged over a window of

time that is of size m so that

i Su(ti) @9

'where Sc(t) is the input function with superimposed tlme-correlated noise. In other

- .words, the input function with white noise was averaged over the ith window of time

to give the new function's value at the ending time of the window. The

nondimensional time window over which the values were averaged was 1/ 100th of

" the total tlme of the test. The input functions with these two types of noise are
10 -

illustrated in Figure 32 with RMS errors of 1%.

Example 2
,. Order of Regulanzahon and Estimation of N and At
A comparison of first— and second—order regularization methods for the case
of no reaction (case a) aﬁd 1% white noise on the input is shown in Figure 33. The -
data in Figure 33 were obtained using a window size of 10 data points (¥=10),
which corresponds to 1/50th of the total test time, and the At was 0.0185. The error

: magrﬁﬁcaﬁon factor versus weig_hting factor curves for the above cases and for the

zeroeth—order regularization are in Figure 34. v

For the three levels of white noise superimposed on the synthetic
_subcutahequs glucose__measuréments, and for this window size, the first-order
regularization method ﬁfediqted the blood glucose coﬁcentration better than either
the zeroeth— or second—ofder regularization. The lowe#f ¢ for the zeroeth~, first—,

- and second—order regularizations were 63, 7, and 13 respectxvely Typlcally, ﬁrst- o
~ order regulanzanon is the preferred method for most problems unless one expects a '
_constant profile, in which zeroeth—order regularization would be the natural choice.

» Figure 35 shows the error magnification factor versus the regulanzatxon
paraxheter for a variety of sizes of computation windows, and also for several
sampling ﬁtes, where the sampling rate is deﬂ;ied as A . The computation‘ -
window size and sample rate had a strong é,i’fec; on the l_o{irest ¢ achievable using the

inverse method. A decrease in the sainpling rate, as expecfed, causes the error

- magnification factor to increase, so samples should be taken as often as possible..

However, increasing the sampling rate causes the condition number of the matrix,

ATeA+1H, to increase, increasing the error.
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" As the sampling time between the measurements is increased, the error

- magmﬁcatxon factor increases. Similarly, as the window size grows, the ¢ error factor

10
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20

25

' decreases Window size is equal to (N— Ha, where N is the number of data pomts
Am the window, and A is the time between the data points. Keeping the samplmg :

rate constant, Figure 35 shows how € changes as the window size increases from
N=10to N= 160. When N is increased from 10 to 20, the decrease in € is larger than
when N is increased from 40 to 80. The reason for this is that, as the size of the

window gets larger, the trailing values of measurements will have less of an effect -

- on the solistion, since the kemal is exponential in time (see equation 14). Finally,
-when N incréases from 80 to 160, there is no substantial decrease in &. A reason for

' t]us could be that the window size has grown so much that the first order denvatlves

can no longer be minimized and expéct a good a priori estimate of the behavior of

the solution. That is, the window size is now on order of the time constant of the

mass transfer coefficient. Also, as expected, there is never an € below 1, because the -

output function will always have at least as much error as the input function. Note

, that for the improvement on € by 'in'creaéing N fro‘m:lo td 80, the computation time

expense also i mcreases Keeping the samplmg rate constant, an optimal window sxze

“was found for this particular problem which was 8 times larger that the orie used
- above. Appllcatlon of this size of computation window yielded an error

magnification factor of 1.6, and required a regularization factor A of 3.

With the larger, optimal window size, the regularization methods were
reexamined. Both first— and second-‘forder_regulerizations give good inverses, with .
an error magnification factor (€) of about 1.5 for each case, as shown in Figure 36.
Note that a much larger regulaﬁiaﬁon parameter is required for the second—order-
than for the ﬁrst—order method. The regularization parameter typically indicates the

-‘ relatlve amount of model matching to smoothing imposed. Elther of these methods’

could be used for the remamder of the analysis.
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Whlte Nolse VvSs. Correlated Nolse
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In general the method of regulanzatlon and inversion gave similar: results for

both white noise and correlated noise on the subcutaneous data. The data with-

coxrelated noise and the data with white noise supenmposed requlred similar -

B wenghung factors to give similar values of €. The correlated noise was smoother

“than the white noxse but with Iarger error magmﬁcatlon factors than for white noise.

In fact the correlated noise causes the model to deviate from the true functlon for

" longer sustained times, so the larger error magmﬁcatxon factors are not unexpected

Figure 37 illustrates the €(1) curves for white and correlated noxse in the case

of 1% RMS Input Error and reaction case a. Both functions find their minimum at

similar values of A, at about 3.0_ and 6.0 for white noise and correlated noise,

 respectively. Overall, the curves goto mﬁmty as A approaches zero, which indicates

th'a_t a regularization is necessary due to the instability of the inveise problem. - Also,

the curves plateau as A increases beyond order 1, which shows us that the

regularization only causes more and more damping of the solution as A increases,

causing there to-be a maximum finite difference between the prediction and the true

solution (i.e., the solution goes to a constant about the initial point of the predxctxon) _

The error magnification factor, ¢, decreased as the input error increased for

| both sets of dat_a._ Tables 1 and 2 contaln the results.

k=1L Kn=Bo

40

Tablel _ -

_ Whlte noise, ﬁrst—order regulanzatlon rosults. L
. Reacnon Case  Input RMS Output RMS  BestA € -

| Error Error |

- R®=0 o5 AT 05 X
k=0 .10 oS8 30 B E
k=0 - 20 S 3 T AR 60 - L9

- k=1L,Ka=Bo3’ . oS 131 07 2
ke=1, Ko = Bo/3 X 165 - 20 165 -
k=1, Ka= Bo/3 20 218 50 - 107
k=LKn=Bo - 05 104 08 2.08
k=1Ka=Bo 10 131 20 131

20 . 175 0.88

"
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Table 2
Tlme—correlated noise using simple moving average method,
first—order regularization results.

Reaction Case - Input RMS - Output RMS Best A g -
‘ Emor Error '
k=0 032 120 0.6 375
k=0 - : 0.53 1.63 , 20 3.08
k=0 100 221 60 221
k=1, Ko=Bo3 032 © 124 0.5 3.88
k=1,Ka=Bo3 053 161 1.0 3.04
k=1,Ka=Bo3 1.00 213 40 213
k=1, Ko=Bo 032 - 084 06 263
k=1,Ka=Bo - _ 053 Lous 1.0 223
k=1, Kn=Bo ' B X R 1.66 . L 30 “ 166 ..
- Example 4

: Estlmatmn of Wexghtmg Factor _
- Many workers have proposed methods for estimating the best value for the

" weighting or regularization factor, A, including Beck et al., Inverse Heat Conduction,

John Wiley & Sons, New York (1985); Graham, Bell Systems Tech. J., 62:101-110 -

. (1983); Press et al., Numerical Recipes in Fortran — 2nd Ed., Cambridge University

Press (1992); and Reinsch, Numerische Mathematik, 10:177-183 (1967), all of
which are inc;oi‘porated herein by reference. As recommended in Press et al., the

- weight factor A may be roughly estimated, at first, by implementing the equation,

A ,t.—.Tr(R’, ‘R)ITr(H) - (QTa)
where . R=Alc.. ey
and o is the standard dev:at:on of the measurements This estimate of A allow for .

_ -approxxmately equal amounts of model matchmg and smoothness Another

interpretation of the conditions is that the data are required to ﬁt the model only -

. within the measurement error.

"The régularization parameter maf also dépend on the number of

" measurements available, », in addition to the standard deviation of those.

measurements. Thus, the following condition on the residual sum of the squares, R, ‘
can be applied to find an appropriate A: i C

m=(4-b-c)’(,4-b-c) ' (-28.)..‘
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an& réquire S [r; ~(2n) "’]o-2 < sé <..[n'+ zn)"” ]a’. (29)

Criterion 1 can be deﬁned as R=no’. ThlS method can be referred to as the

dxscrepancy criterion. _
Alternatively, A can be selected using the cdxiccpt of the minimum squared
error, as described in Beck et al Invgge Heat Conduction, John Wnley & Sons

‘ ‘(1985), incorporated herein by reference. This can be called criterion 2. The

parameter A will often have an optimal value that remains approximately constant

- when the integration time interval and sampling rate is constant, so this process of

determining A may only be necessary once for a given set of parameters,

Comparison of the two results, R values are obtained within the designated
range, as shown in Figure 38. The application of criterion 1 gives € equal to 25

(A=0.5) which is very close to the criterion 2 result of £=2.32 (A=1.0). The largest
output error that would occur by choosing A such that R is within the above bounds
is 4.5% (e=9;0) for the case of no reaction and 0.5% RMS error in the input in the
form of white noise. Choosing R equal to no? gives ¢ equal to 2.5. Thus, the

' criterion 2 result can often be approxxmated by applymg cntenon 1 prowded an

esnmate of o is available. : .
Wlth regard to the method of choosmg the regulanzatxon factor above, as the
window size increased, so did the regulanzanon factor that gave the minimum €.

The increase in wmdow size eﬁ‘ectxvely increases the number of measurements

" available to calcu]ate a given B( ). Typlcally, the best A was directly proportlonal to

N until the window became too large to expect a good a priori estimate of the
functxon behavior from fust—order regulanzatlon.

o Example 5.
. _ Effect of Nonlmeanty : ~
Flgure 39 illustrates the emor magmﬁcatlon factor versus welghung factor for
reaction cases aand ¢ when the input contains 1% white noise. For a given input
RMS error, the requued weighting factor remained constant as X, mcreased but the

_ output RMS error decreased as K, increased. Therefore, if the reaction term is

found to be important in the modeling of the lag between the blood glucose and
subcutaneous tissue glucose in humans, the i inversion will not suffer. Instead, the
results are better, relative to the Input error, in the presence of a reacnon term than
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 they are with no reaction at all. The reaction term acts as a damping term in the

forward model. In other words, the term in the forward model that de—stabilizes the

inversion is the derivative of the subcutaneous glucose concentration with respect to

. time, while the reaction term tends to stabilize the inversion.

Example 6
Preparation of Glucose Electrodes

 Glucose electrodes were structurally similar to those described in Csoregi et

‘al., Anal. Chem., 67:1240—1244 (1995), incorporated herein by reference. A 0.25
" mm gold wire with a 0.04 mm Teflon coating. A 0.09 mm portion of the gold at the

" end of the wire was removed, leaving a narrow tube of Teflon. A "wired" glucose

- 15

20

B oxxdase transduction layer was formed by deposmng a solution of 10 mg/mL of
- {poly[(1-vinylimidazolyl) osmium (4,4'-dimethylbipyridine»CI]}*?*, 10 mg/mL

ghicose oxidase (in HEPES 10 mM at pH 8.1), and 2.5 mg/mL poly(ethylene glycol)

- mixed in a 78:16:6 Wt.% ratio. The solution was deposited in the Teflon tube to coat

the exposed surface of the gold wire. The electrodes were then rinsed five times and
cured at 45 °C for 15 minutes. A glucose flux restricting layer was formed by -
‘'sequentially filling the 0.09 mm deep, 250 pum diameter recess and curing (at room
temperature for 20 min) twice with a 1% solution of cellulose acetate in

‘¢yclohexanone; once with a 0.5% solution of Nafion (Aldrich, 'Milwaukee,» WI) in

n—propanol; and once with a freshly prepared solution of poly (vinyl pyridin'e)u
acetate (PVPA) (25 mg/mL in water) and polyﬁmctlonal aziridine (PAZ) (XAMA y

. EILT. Inc Lakewilie, SC) (30 mg/mL i in water) in a 1:2 volume ratio, this layer

25

30

‘ bemg cured for at least 8 hr. A blocompahble layer was then formed of a sensmmd

10 wt.% aqueous tetraacrylated poly(ethylene oxxde) solution by hoto—cross—
P

lmkmg (45 sec. UV exposure)

~ Thein vntro response tlme of the glucose electrodes was measured for both

: 'mcreasmg and decreasmg step changes in glucose concentration pnor to

implantation. The: measurements were made at 37 + 0.5°C in a rapidly stirred,
jacketed electrochemical cell contalmng pH 7.4 phosphate buffered salme (PBS).
The three—electrode cell had a saturated calomel reference electrode (SCE),
platmum counter electrode, and the glucose electrode and was poised at 200 mV vs.
SCE. Step changes increasing the glucose concentration (90 mg/dL to 180 mg/dL)
were made by injecting into the rapidly stirred solution an aliquot of concentrated
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_ . aqueous glucose (2M). Step changes decreasmg the glucose concentratxon (180
- mg/dL to 90 mg/dL) were made by injecting PBS into the cell,

The intrinsic response times to increasing and decreasmg step changes in
glucose concentration were 2 59+1.17 mm and 1.55 + 0.79 min (n—14)
respectively.

Example 7
_ In vivo experiments
- Male Sprague~Dawley rats, 380—520 8, were preanesthetized with halothane

’(Halocarbon Laboratories, North Augusta SC) and anesthetrzed by intraperitoneal -
' mjectxon (0.3 ml) of a equal volume mixture of acepromazine maleate (10 mg/ml)

ketamme (100 mg/ml) and xylazine (20 mg/ml). The animals were then shaven

~about the neck, the abdomen, and the area between the scapulae, then secured on a
- homeothermic blanket system (Harvard Apparatus South Natick MA). First the
right extemal Jugular vein was located and cleared of extraneous tissue. The distal -
-' sxde of the nght vein was txed off thh 40 silk, and a small cut was made in the
- .vern A 0.0375" diameter medrcal—grade silastic tube was inserted into the proxlmal
_ portron of the right jugular vein and secured with 4-0 silk. A dose of 100 U/kg body

wt of heparin solution was then administered, followed by an equal volume of saline,
to clear the line. Next, the rat's skin was sutured closed. The rat was then rolled
onto its abdomen, while assunng that the line in the jugular vein was not pulled out,

- and an electrode was inserted in the subcutaneous tissue between the scapulae of the

animal using a 22-gauge mtroducmg catheter needle (PER-Q-Cath, Gesco, San
Antomo, TX) The animal was then returned to 1ts back and resecured Theleft -

.external jugular vein was then located and cleared of extraneous tissue. Next, the

dlstal srde of the left jugular vein was tied off and a small cut was made in the vein. . |
A silastic tube of 1.5cm length was inserted into the proximal side as a guide, and a -

 glucose electrode was inserted inside the guide tube. 'lhe tube and the sensor were

secured with 4—0 silk, with the electrode’s insulating gold wire protrudmg beyond
the end of the guide tube. The incision site was then moistened and packed wnth

‘gauze. An 1on—conduct1ng gel was then. apphed to a skin reference (AgIAgCl)

electrode, and the electrode was placed on the rat's abdomen. The 1mplanted
electrodes as well as the reference electrode were connected to a bropotentrostat
(13), the output of which was logged with a data logger _
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After the output of the unplanted electrodes reached a stable baseline (0 5—

“hr), an intravenous injection of 0.5 U/kg of regular insulin (RU-100, Eli Ltlly,
. Indianapolis, IN) was administered through the right jugular vein. Blood samples

~ were collected att=-20,-10,-1, 3,6, 9, 12, 15, 20, 25, 30, 35, 40, 45, 60, 75, 90

15

20
- Aconversxon factor (mg/dl per nA) was ca.lculated for the 1mplanted electrodes ThlS
-~ factor was used to obtain all glucose esttmates for the remainder of the test period.-

25

30

35

min after the insulin injection. The whole blood samples were obtained from the left

' jugular veiri and were i_rnmediately placed in tubes containing heparin and sodium
fluoride and kept on ice until analysis. All blood samples were analyzed in duplicate
- using a YSI Model 2300 glucose analyzer (YSI, Yellow Springs, OH). At time t=0,
- the insulin dose was injected through the infusion catheter and cleared with
' heparinized saline. At the end of the experiment the rat was euthanized by sodium

pentobarbital injection i.p. or asphyxiation by C0,, consistent with the

recommendations of the panel on Euthanasia of the American Veterinary

" Association. All in vivo e)tperimentation was approved by the University of Texas '

Institutional Animal Use and Care Committee. =

The implanted electrodes were suﬁlciently glucose selective to be calibrated
by withdrawal of a single sample of blood and assay of its glucose concentration
("one—point in vivo calibration"). After the current output of the sensor stabilized,
20-40 min aﬁer implantation and electrical connection to the blpotentlostat, a single

-sample of blood was drawn and its glucose concentratlon was assayed using the YSI -

glucose analyzer From tlns measurement, a current to glucose concentration

Example 8
_ Data Analysns A
. The onset of the declme in the coneentratxons of venous and subcutaneous

glucose followmg the mjecnon of insulin were determined graplncally usmg the
. tite—concentration plots anda tnethod used in process control to calculate txme

delays (14). The tangent line at the pomt of inflection was drawn (see Flgure 40) -
and the line, tracking the basal concentration of glucose prior to the injection of
msuhn, was extended. The intersection of the two lines deﬁned the onset point of
the decline. The onset times were referenced to the ttme at which insulin was
injected. The rate of decline in glucose eoncentratlon in the period between 6. and 20
minutes aﬁer insulin injection was calculated by linear regression analyses for the

- periodically sampled blood from the vein where insulin was injected; the
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contralateral jugular vein, where an electrode was implanted; and for the

. subcutaneous interstitial fluid, where the second electrode was lmplanted The -
. values are presented as means  std, along thh their statistical sxgmﬁcance, assessed -

when appropriate by a Student' t—test for paxred data, with p <0.05 considered as
statistically significant.
Figure 41 shows the typxcal output of the subcutaneous (dotted lme) and

: Jugular vein (solid line) electrodes during an in vivo experiment. Followmg insulin

injection, the average venous blood glucose concentrations of the rats (n=7)
decreased from 207 + 67 mg/dl to 59+ 12 mg/dl. The minimum in blood glucose

_ _concentratlon was reached 36.6 + 7.2 minutes after the injection of msulm ‘Table 3

lists the average lag times between the lowest subcutaneous sensor readings and the_ -

~ point of lowest glucose concentration in the concentrations in the blood withdrawn

from the vein where the insulin was injected, and also between the lowest readings

by the sensor implanted in the conu'alateral jugular vein and the samples withdrawn

from the injected jugular vein.
Table3
' o - Declining glucose charactenstlcs L ,
-Location" Onset time Decline rate Uminimum glucose Lagtime
) ~ (min)  (mgdMemin™)  (min) - (min) - -

Blood sampies _ 33105 — 68220 : 366212 . ——
Tntravenous sensor 56217 70825 203159 3743
Subcutancous sensor 39521 39513 . 61.2275 245168

The onsets of the declme thh respect to the time of i injection of msulln, |

- measured in the injected Jugular vem, the contralateral Jugular vein and the

B : subcutaneous fluid are also shown in Table 3, along with the rates of decline i in the

25

30

penod between 6 and 20 min after msuhn injection. Flgure 42 shows the average

‘ dlfference between the estimates of the subcutaneous glucose concentratxons and the

actual blood glueose concentrations as a functxon of time.. ,

' The nadir in subcutarieous glucose was statlstxcally different from the nadlr N
in blood glucose (p<0.001) and occuired 24.5 + 6.8 minutes later.” Similarly, the
onset of declining subcutaneous glucose levels (8.9 £ 2.1 min after insulin injection)

“was stanstlcally different (p<0.001) from the onset m blood glucose levels 0.5 mm

after msulm m}ectlon) The rate of drop in glucose levels between 6—20 minutes
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after msulm m_;ectxon, was slower in the subcuta.neous ﬂmd (3 9% 1 3 mg dl ' mm
_ 1, than in'blood (6.8 2. Omgdl s min™', p = 0.003).

In the contralateral jugular vein, the minimal glucose concentratxon was

- reached 37 mmutes after it was reached in the injected vein (36.6 vs. 40.3 min., p=

0. 06). The rates of decline during the 6 to 20 minute penod were nearly 1dentlcal in

the two opposite jugular veins (6 8 and 7.0 mg dI™* min™, p=0.59). The onsets of

. the decline in glucose concentranons were statistically different for the opposite

veins (3.3 vs. 5.6 min, p =0.01).

Example 9
Predlctlon of Subcutaneous Glucose Concentration
A typlcal plot of a prediction of the subcutaneous concentration of glucose
ngen the concentration of glucose in the blood from the jugular sensor is shown in

Flgure 43, where the only fitted parameter was p=0. 04 min~'. The uptake term of

“the model was found to be neghglble for most of the data sets and was set to zero for _

all sets. This finding is not surprising, because the sensor was placed between the |
“co:nnective tissue and smooth muscle tissue where the rate of giucose uptake is low .
compared to the rate of uptake in adipose tissue or skeletal muscle,

- The values of B were determined by a least squares minimization ofthe
average error for each individual data set and ranged from 0.04-t0 011 min™', except A
for one case, where B equaled 0.22 min™'. These results in rats show that B is
relatively constant. If this proves to be true also in humans then it may not be
necessary to determine § for each patient, of for different subcutaneous‘.placement

sites in a particular patient. Table 4 summarizes the statistics for comparison of the

prediction of the forward model with the subcutaneous sensor data.

PCT/US98/25685
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Average differences between the measured subcuta’heous_glucqse.'

concentrations and the predicted subcutai:eous glucose concentrations,

Rat . Forward Model No Model
I 12.4% 73.8%
2 14.6% 23.5%
3 11.9% 16.2%
4 74% 24.1%
5  6.0% 16.0%
6 4.9% 14.3%
7 52% 9.6%
Mean . 8.9% 182%
sd . 7.8% 14.5%

On average the forward model predlcted the readings of the subcutaneous
sensor from those in blood with a difference of 8.9 + 7.8%. If the subcutaneous
concentration of glucose were estimated to equal that measured by the Jugu_lar sensor

(i.e., if the model were not used), the average difference would have been 18.2 +
" 14.5%. The values derived thtough the model and those measured differed and the
' dxﬁ‘erence was statistically significant (p=0. 001). In the 40~min mterva] after
mjectlon of the insulin, the time period that is most in need of correction, the
- average of the maximal differences was decreased through the model from 30. T%to

11.1% (Table 5, p = 0.01)."
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Table 5
Maxlmum differences between the measured subcutaneous glucose
concentrations and the predxcted subcutaneous glucose concentrations during

the 40 minute period following insulin mjectlon.
Rat  Forward Model No Model

1 12.5% 22.9%
2 15.9% 34.8%
3 17.7% 21.6%
4 27% - 50.4%

5 13.9% 35.3%
6 9.7% © 35.8%
7 5.2% 142%

 Mean 11.1% 30.7%
Std 55% . 120%
Example 10

Prediction of Blood Glucose Concentration -~
The value of B(r) in equations (6-8) was detérmined as described above.

"The weight factor A was fitst estimated by the method described above. The initial

condition of B(0)=S(0) was then enforced within 10% to find a more exact value of
A based on the initial guess. Further refining of the value of A had little effect on the

~ results. Time t=0 for modeling purposes was taken to be 20 minutes before insulin
injection. Plots of the i mverse model predictions are shown in Figure 44.

On average, the i inverse model] predicted in all experiments the performance
of blood glucose concentrations sensed in the jugular veins, even when the blood -
and subcutaneous glucose concentrations were dropping rapidly and from. a steady

_state, within 11.1+ 10.6%, as shown in Table 6. If the subcutaneous concentration

of glucose were considered to equal that giveu by the jugular sensor (i.e., if the

B _ inverse model were not used), the average difference would have been greater 22 9 x -
20

144% (©=0.025).
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- Table6 -
- Average differences between the measured blood glucose concentrations and ..

the blood glucose concentrations predicted from the subcutaneous _

_ » measurements.

Rat  InverssModel  No Model
1 T 13.3% 2.7%
o2 13.3% 20.5%

3 13.6% 15.9%
4 14.8%  48.9%

5 C82% 232%
6 79% . 15.7%

7 69% 13.7%
Mean  11.1% 22.9%
sd . 10.6% 14.4%

Furthermore, 'during the 40 minute period following insulin injection, when
the dynamic dxﬂ’erence was greatest, the maximum difference between the blood and
v_ the subcutaneous glucose concentrations was 84.1 + 36.1%. By using the inverse
model the maxxmum dxﬁ'erence between the computed blood glucose concentration
10 .and the actual concentrat:ou was reduced to 29. 3 +8.4% (Table 7, p=0 006).
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A Table 7 .
Maxxmum differences between the measured blood glucose concentrahons and
the blood glucose concentrations predicted from the subcutaneous

measurements during the 40 minute period following insulin injection.

Rat . Inverse Model No Model
1 22.8% 72.8%
2 38.8% 67.8%
-3 180% . . 413%
4 315% . 157.3%
5 285% . 94.9%
6 409% 72.7%
7  24.8% 82.1%
Mean 293% - 84.1%
Std 8.4% 36.1%

The present invention should not be considered limited to the particulé; '
examples described abové, but rather should be understood to cover all aspects of
the invention as fairly set out in the attached claims. Various modiﬁcati()ns,
equivalent processes, as well as numerous structures to which the present invention

10  may be applicable will be readily apparent to those of skill in the art to which the
' present invention is directed upon review of the instant specification. The claims are

intended to cover such modifications and devices.
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WE CLAIM:
1... A method for detennining analyte concentration in blood, .
' 'comprising‘ |

determining a subcutaneous analyte concentration from a subcutaneous

" region using a sensing devnce

_ deterrmmng an analyte concentration in blood from the subcutaneous analyte -
concentration based on mass transfer of the analyte from blood to the subcutaneous
region and on uptake of the analyte by subcutanebus cells surrounding the sensing

region.

2. 'Ihe method of claim 1, wherein the sensing devxce compns&s an

eIectrochemxcal sensor having a working electrode.

" The method of claim 2, further compnsmg subcutaneously

' 1mplantmg the workmg electrode to generate a signal related to the subcutaneous

o analyte concentration.

20

25

E 4. The method of claim 1, wherein the analyte is glucose.

5. ~ The method of claim 4, wherein the blood glucose concentratxon is

detemuned ﬁ'om the subcutaneous glucose concentration using the relatxonshlp

ds Vk,'S ,
th =k, A(B S)-m—. | M)

where V is the volume of the sensor, 8 is the subcutaneous glucose concenu'atxon, B -

 isthe blood glucose concentratlon, A is the surface area of the region surrounding °

the sensor, kpy is a mass transfer coeﬁﬁclent, Kpisa chhaehs-Menten constant, and '

ky' is the reaction rate constant for uptake of glucose by the subcutaneous tissue.
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6.  The method of claim 5, wherein the subcutaneous glucose
concentration is determined from the blood glucose concentration according to the

relationship:

S(t)=5(6)e "9 + IB(r)e Ar-gg,
. . e

, B is 2 normalizing constant, 8 is the initial time and # is the .
—24S ' -
B,

final time for a window of computation.

7. The method of claim 9, wherein the subcutaneous glucose

concentration is determined from the blood glucose concentration using:

P N
' IB(r)e “-dgr=3"B(t,)e A0 pp W,
9 . ) i=l _ :

-

where W, is a weighting factor.

8. - The method of claim 6, wherein the .subw’canco'us glucose _

" concentration is determined from the blood glucose coﬁcentratibn by rﬁinimizing:

Slb]=x?[b]+ 2¥p],

where-

o im=“i(’h’-"')ﬁ("")df—S(é)i).+S(e)e -f*"?'f’) S

o and ¥[b] isa smdothness function.

20

25

9. The method of claim 8, wherein ?[b] is selected to .pfOVide first-order

‘regularization.

10.  The method of claim 8, wherein ¥[b] is selected to provide second-
order regularization.
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1. An analyte measurement system comprising:
- a sensmg device; and _ )
a processor coupled to the sensing device and conﬁgured and aﬁaﬁged to
determine an analyte level in blood, from signals generated by the sensing device,
5 based on mass transfer of the analyte from blood to a subcutaneous region and on

uptake of the analyte by subcutaneous cells surrounding the subcutaneous region.

12, The analyte measurement system of claim 11, wherein the sensing
device comprises an electrochemical sensor having a working electrode.
10 | | | o
13.  The analyte measurement system of claim 12, wherein the \ittotking |

electrode is adapted for subcutaneous implantation in an animal.

14.  The analyte measurement system of claim 11, wherein the analyte is
15 glucose.

15.  The analyte measurement system of claim 14, wherein the processor :
is configured and arranged to determine the blood glucose concentration from a
subcutaneous glucose concentration us_ing the relationship:

as Vk,'S
|4 ; =k,4 (B -S)- m
20 where Vi is the volume of the sensor, S is the subcutaneous glucose concentration, B -
| is the blood glucose concentratxon, A is the surface area of the regxon surrounding
the sensor, km is a mass transfer coefficient, Ky is a Michaelis-Menten constant, and

ky' is the reaction rate constant for uptake of glucose by the subcutaneous tissue.

25 16 The analyte mmsurement system of clalm 15, wherem the processor
is conﬁgured and arranged to determine the blood g]ucose concentratton from a

subcutaneous glucose concentration using the relanonshxp

S(r)=S(6)e-" 4 [ B(r)e ™ dz.
TIAR A



WO 99129230 . . ' PCT/US98/25685 .

10

15

.20

25

115

where B=| 1+ 7(-4— » By is a normalizing constant, 0 is the initial time and ¢ is the’

4 ?0+S

 final time for a window of computation.

' 17 The analyte measurement system of claim 16, wherein the processor

s conﬁgured and arranged to determine the blood glucose concentration from a

~ subcutaneous glucose concentration using the relatlonshlp.

!

N
IB(r)e AVdr= Bz, Je A pp W,

8 i=}

where W, isa weighting factor.

18.  The analyte measurement system of claim 16, wherein the processor
is configured and arranged to determine the blood glucose concentration from a

subcutaneous glucose concentration by minimizing:

7b)= 2151+ A¥),

where

[b] Z[IB(T)C At "')dr S(t;l)-i-S 9)6 -6 (1. -9))

and l}’[b] is a smoothness function. '

19, The analyte measurement system of claim 18, wherem lI’[b] is
selected to prov1de first-order regulanzatlon

o 20. The analyte measurement system of claim 18, wherem ‘P[b] is -

selected to provide second-order regulanzatlon. :

- 21.  The analyte measurement system of claim 11, further comprising a
display coupled to the processor for displaying the analyte concentration in the
blood.
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| 22 The analyte measurement system of claim 11, further comprising an

- alarm coupled to the processor for alexﬁng a user based on the analyte coneenﬁation.

- 23.  The analyte measurement system of claxm 11, wherein the processor

- 18 dxsposed ina housmg adapted for placement on the skm of an ammal

24, - The analyte measurement system of claim 23, further compnsmg a .

transmitter coupled to the electrochemxcal sensor and a recexver coupled to the

: processor, wherem the processor and receiver are dlsposed ina housmg adapted for
10 -

remote receptxon of 81gna!s from the electrochemical sensor via the transmxtter

25.  Anapparatus for determining analyte concentratxon in blood based on

: measutements of analyte concentration determined using a sensmg devme, .

comprising: o o _

~ aprocessor conﬁgured and arranged to determine analyte concentration in
the blood from a measure'd subcutaneous analyte concentration based on mass
transfer of the analyte from blood to a subcutaneous region and on uptake of the .

analyte by subcutaneous cells surroundmg the subcutaneous region.
26. . The appamtus of claim 25, wherein the analyte is glucose.

.27 A method for determining analyte con‘centration in a first bbdy fluid,

- ‘compnsmg

obtammg measurements of an analyte concentration in a second body ﬂtud,
different from the first body fluid, from a sensing device; and

detenmnmg an analyte concentration estimate in the first ﬂmd from the
measurements by nummlzmg the relation: -

711= 251+ 4%0),

wherein b is a vector representing analyte concentration in the first body fluid, x*[b]
is a function representing a fit between the estimates and the measurements, A is a
weighting function, and W[b] is a function indicating smoothness of the analyte
concentration estimates in the first body fluid.
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28.  The method of claim 27, wherein the analyte is glucose.

29.  The method of claxm 28, wherem the first body fluid is blood and the

' second body ﬂuxd is subcutaneous fluid.

. 30. . The method of claim 28, wherein the model is based on the
relationship:

Vk,'S
K,+S

V%§=k A(B -8)-

e where Vis the volume of the sensor, S is the subcutaneous glucose concentration, B

10

s the blood glucose concentratlon, Ais the surface area of the region surroundmg

" - the sensor, km is a mass transfer coefficient, Kp, is a Michaelis-Menten constant, and

" k'is the reaction rate constant for uptake of glucose by the subcutaneous tissue.-

15

20

25

- 31.  The method of claim 27, wherein ‘¥[b] is selected to prouide first-

order regularization.

- 32.. . The method of claim 27, wherein"l’[b] is selected to provldes second-

order regularization.

A - 33. The method of claim 29 wherem obtaining subcutaneous glucose
measurements compnses ’

subcutaneously 1mplantmg a workmg electrode of a glucose sensor mto an -

amnlal and

: detemumng a subcutaneous glucose concentmtlon from a sxgnal generated at

. the workmg electrode

34.  Ananalyte measurement system, comprising:

a sensing device; and
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